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ABSTRACT

The structure and the dynamics in two different classes of rigid polymers;
ionomers and rigid luminescent polymers, have been investigated predominantly by
neutron techniques. Rigidity of the backbones of both polymers affects their properties.
For ionomers, it affects transport pathways, therefore, their applications for energy and
separation membranes. In luminescent polymers, it determines the conformations of the
chains and their electro-optical response. One group of the polymers consists of rigid
hydrophobic para-phenylene backbone decorated with pendant phenyl side chains
functionalized with sulfonic acid (SPP). The other family of polymers consists of poly
para-phenyleneethynylene

(PPE)

backbone

that

becomes

conjugated

upon

conformational constraints. The dynamic processes in an ionic network of rigid ionomers,
SPP, and in spontaneously formed complex fluids of PPE were explored using quasielastic neutron scattering. The structure of PPEs in a good solvent and their collapsed
conformations in poor solvent were investigated using small angle neutron scattering and
atomic force microscopy techniques.
Dynamics study of the complex network of SPP has shown that the polymer
molecules in the membrane are not dynamic on the time resolution of the measurement.
Water molecules, however, a solvent relevant to the applications of SPP, are confined and
exhibit local jump dynamics. It is interesting to point that the water molecules remain
dynamic well below its bulk freezing temperature. We found the strong dependence of
water dynamics with temperature and hydration levels.
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Dynamics study of complex fluids of dinonyl PPE revealed that side chains of this
polymer remain dynamic in its entire phase diagram including gel phase, micellar phase,
and molecular solution.
Finally, we studied polydots, PPE, confined to nano-dimensions in poor solvent.
We found that structures and stability of polydots depend on concentration of parent
polymer solution, temperature, solvent quality and nature of the substituents on the PPE
backbone. Specifically, neutral PPE in water forms oblate shape polydots at lower
concentration and spherical shape structure at higher concentration. The polydots remain
stable at lower temperature (< 80 oC) and start to open up at higher temperature (> 80 oC)
when collapsed in ethylene glycol. The polydots of ionizable PPE are found to have
remarkable temperature stability compared to neutral analog, due to the presence of
ionizable groups on the surface of the polydots.
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CHAPTER ONE
OVERVIEW

This work focuses on resolving the structure and the dynamics of rigid polymers.
Two groups of polymers were investigated: (a) polymers that consist of poly paraphenylene ethynylene backbone that become conjugated upon conformational constraints
and (b) sulfonated poly phenylene ionomers. Both families of polymer have potential to
transport either electrons or ions or both where their conformations and dynamics are
critical for their use. This chapter reviews the basic physical chemistry of
macromolecules relevant to both types of rigid polymers followed by their behavior at
different conformational states.
1.1 Basic polymer concepts
1.1.1. Conformation of polymers
Polymer chains are characterized by N, their polymerization number, and rigidity
of their backbone. The space the polymer chain occupies reflects the polymer chain
internal conformation. To understand the fundamental of polymer chain conformations,
an ideal polymer chain is considered first. The polymer chain that does not have any
interactions between the monomers of the chain similar to an ideal gas is called an ideal
chain. Figure 1.1 shows a bead and stick model of an ideal flexible polymer chain having
n+1 number of polymer backbone atoms with the bond vector, ⃗𝑟𝑖 that passes from atom
Pi-1 to Pi separated by n bond vectors in the chain.1 The end-to-end vector, ⃗⃗⃗⃗
𝑅𝑛 , for the
polymer chain is obtained by summing all bond vectors of the chain as:

1

𝑛

⃗⃗⃗⃗
𝑅𝑛 = ∑ ⃗𝑟𝑖

(1.1)

𝑖=1

End to end distance is different for each polymer chain conformations. Therefore,
an average length of the end-to-end distance vector is a good measure of the overall
polymer size. The mean-square end-to-end-distance of the polymer chain is:1
𝑛

〈𝑅

2〉

𝑛

= ∑ ∑〈⃗𝑟𝑖 . ⃗𝑟𝑗 〉

(1.2)

𝑖=1 𝑗=1

For molecules with the bond vector of same length, l, and the angle between two
nearby bond vectors 𝜃𝑖𝑗 , the relation of the end to end vector with bond angle is:

Pj

Pn

Pj-1
PP33
P2

Pi-1

P4

Pi

P1
P0

Figure 1.1 Bead and stick model representation of an ideal flexible polymer chain.1 The
sphere with ⃗⃗⃗⃗⃗
𝑹𝒏 (dotted line) as its diameter contains most of the segments. P0, P1,
P2…….., Pn represent the beads in the polymer chain. Solid lines are bonds between
beads

2

𝑛

𝑛

〈𝑅 2 〉 = 𝑙 2 ∑ ∑〈𝐶𝑜𝑠𝜃𝑖𝑗 〉

(1.3)

𝑖=1 𝑗=1

1.1.1.1.

Flexible and semiflexible polymers

Polymers are classified into flexible and semiflexible based on the persistence
length of the polymers. It is the length over which angular correlation between the
polymer segments vanishes. If the persistence length of a polymer is much smaller than
the polymer chain length, it is termed as flexible polymer. If it is larger than the polymer
chain length, it becomes semiflexible. The larger the value of persistence length, the more
rigid the polymer is, therefore, rigidity of a polymer chain determines its conformations.
Theoretically, the mean square end-to-end distance of flexible polymers is obtained from
the freely jointed ideal polymer chain model. This model has a constant bond length and
no angular relationships between the adjacent bond vectors. Then, the equation (1.3)
reduces to:1
〈𝑅 2 〉 = 𝑛𝑙 2

(1.4)

If there is correlation between the nearest bond vectors, as in case of a real polymer, then,
〈𝑅 2 〉 = 𝐶𝑛 𝑛𝑙 2

(1.5)

where, Cn is Flory’s characteristic ratio.1
The size of a flexible polymer chain is expressed in terms of radius of gyration, Rg
which can be calculated by using a bead-stick model2 as shown in the Figure 1.2.

3

Rg

rG
ri

Figure 1.2 Radius of gyration in the bead and stick model of a flexible polymer chain
where Rg, rG and ri are radius of gyration, center of mass, and the distance from the
center of mass to a bead of the chain respectively.2
Rg is the root mean square distance between polymer beads, and the center of mass (rG)
of the polymer segments. Therefore, Rg of the flexible polymer chain of N+1 beads of
same mass, and the beads connected by a massless stick is:1

𝑁

𝑅𝑔2

1
=
∑〈(𝑟𝑖 − 𝑟𝐺 )2 〉
𝑁+1

(1.6)

𝑖=0

In case of an ideal polymer of N monomers of Kuhn length b:

〈𝑅𝑔2 〉 =

〈𝑅 2 〉
𝑏2𝑁
=
6
6

(1.7)

In case of the semiflexible polymers that have internal stiffness, the angles
between the polymer segments are correlated and the mean square end-to-end distance
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can be interpreted in terms of freely rotating ideal chain model where bond angle is still
fixed, but the torsion angle is free to rotate. For this case, the equation (1.3) becomes:1
𝑛

〈𝑅 2 〉

𝑛

= 𝑙 ∑ ∑(𝐶𝑜𝑠𝜃)|𝑖−𝑗|
2

(1.8)

𝑖=1 𝑗=1

Solution of the equation (1.8) gives:
〈𝑅 2 〉 = 𝑛𝑙 2

1 + 𝑐𝑜𝑠𝜃
1 − 𝑐𝑜𝑠𝜃

(1.9)

where n represents the number of bonds present in the polymer backbone, l is the bond
length and 𝜃 is the bond angle.
A decrease in bond angle results in an increase in persistence length that
significantly increases the stiffness of the polymer. When the bond angle is very small
i.e., (𝜃 << 1), polymer chain becomes stiff. Conjugated polymers are examples of a stiff
𝜃2

polymer. In this situation, 𝑐𝑜𝑠𝜃 in the equation (1.8) can be replaced by (1- 2 ), and then
the solution of equation (1.8) gives the relationship that relates the Kuhn length (b) and
persistence length (lp) of an ideal polymer chain as:1
𝑏 = 2𝑙𝑝

(1.10)

For a rigid polymer, persistence length is very high because of the small bond
angle. This higher value of lp causes the rigid polymer to behave differently compared to
flexible and semiflexible polymers. Therefore, the models used to explain the
conformation of flexible and semiflexible polymers do not adequately describe the rigid
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polymer conformations. When a polymer becomes more rigid, we lose statistical
approach of Gaussian distribution of end-to-end distance of the polymer chain. In this
case, the radius of gyration (Rg) that measures the overall size of the polymer is
determined by the smallest rigid segments. Fixman and Stockymayer3 studied the impact
of rigidity on polymer chain conformation. One of the most commonly used models that
correlate to the dimension of a rigid polymer and its persistence length is presented by
Benoît and Doty.4 This model uses contour length L and persistence length 𝑙𝑝 to define
the polymer chain. The Rg of a rigid polymer chain is given by:
𝑢

2

2

𝑅𝑔2 = 𝑙𝑝2 { 3 + 1 + 𝑢 − 𝑢2 [1 − 𝑒𝑥𝑝(−𝑢)]}

where

𝐿

𝑢=𝑙

𝑝

(1.11)

This model takes a normalized ratio of the total length of the polymer to the smallest rigid
segment to define the dimension of a polymer chain. The Rg of the polymer chain can be
measured from the small angle scattering techniques,5 from which the persistence length
of the polymer can be calculated.
The root mean–square–end-to-end distance of the rigid polymer is almost equal to
the radius of gyration. If Rg >> lp, the polymer will have flexible confirmation. If Rg ≤ lp,
the polymer will have extended state configuration.
1.1.1.2.

Thermodynamics of polymer solutions

The previous section discussed the conformations of a single non interacting
polymer chain without taking an account of solvents. When the polymers are dispersed
into a solvent, the homogeneity of the mixture is determined by two thermodynamic
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parameters, namely, entropy and enthalpy. Entropy always favors, the mixing of the
polymers in the solvent, but the interactions between the polymers and the solvent
determine the mixing and de-mixing of the polymers. These two thermodynamic
properties of the polymer solution can be explained by the Flory-Huggins polymer lattice
model6 which is based on mean-field approximation. According to this model, the
entropy of mixing (Smix) per lattice site for polymer solutions is:
𝜙𝑝

𝑆𝑚𝑖𝑥 = −𝐾 [ 𝑁 ln 𝜙𝑝 + (1 − 𝜙𝑝 ) ln(1 − 𝜙𝑝 )]

(1.12)

where 𝜙𝑝 is the volume fraction of the polymers, (1 − 𝜙𝑝 ) is that of the solvent, and N is
the number of polymer chain segments. The entropy of mixing determines the
conformational freedom of the polymer molecules. The segregation and aggregation of
the polymer is determined by the interaction energies between the polymer-polymer
(𝜒𝑝𝑝 ) and solvent–polymer (𝜒𝑠𝑝 ) interactions. The free energy of mixing for the polymer
solution in terms of Flory interaction parameter 𝜒 is given by:1
𝜙𝑝
∆𝐹̅𝑚𝑖𝑥 = −𝐾𝑇 [ 𝑁 ln 𝜙𝑝 + (1 − 𝜙𝑝 ) ln(1 − 𝜙𝑝 ) + 𝜒𝜙𝑝 (1 − 𝜙𝑝 )]

(1.13)

Based on the polymer-solvent interactions, the solvent is classified as a poor
solvent, theta solvent and good solvent.7 In the poor solvent, 𝜒𝑝𝑝 > 𝜒𝑠𝑝 , the polymer is
not miscible (i.e. it is collapsed and phase separation occurs.) In the theta solvent,
𝜒𝑝𝑝 ≅ 𝜒𝑠𝑝 which means polymer-solvent interactions are almost the same as the
polymer-polymer interaction. In the good solvent, 𝜒𝑝𝑝 < 𝜒𝑠𝑝 , polymer is miscible in all
compositions and takes extended conformation. It means that the size of the polymer in a
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solution depends on the type of the solvent used. The size of the polymers is obtained
using de-Gennes scaling theory7, 𝑅𝑔 ~𝑁 𝑣 , where N is the degree of polymerization and v
is the exponent specific to the solvent used ( poor solvent, v = 0.33, theta solvent, v =
0.50 and good solvent, v = 0.60). The Flory interaction parameter is a function of
composition, polymer chain length and the temperature. The temperature dependence of
the Flory interaction parameter is:1
𝐵

𝜒(𝑇) ≅ 𝐴 + 𝑇

(1.14)

The constant A in equation 1.14 is temperature independent and represents the entropic
contribution to the 𝜒. The constant B is temperature dependent enthalpic contribution.
The equation (1.14) shows that the interaction parameter is inversely related to the
temperature. Higher temperature reduces the value of the interaction parameter and vice
versa.
1.1.1.3.

Effect of charge

Flory-Huggins theory6 presented in the previous section describes the
conformation of flexible and semiflexible polymers in a solution. Presence of ionizable
groups in a polymer chain changes the conformation of the polymer. To account for the
presence of hydrophobic and hydrophilic components and electrostatic interactions, the
mean-field Flory-Huggins theory is not sufficient. In this case, the conformation of the
polymer is determined from a balance between electrostatic and elastic interactions. The
electrostatic interactions tend to extend the polymer chain that results in stiffening of the
backbone. The strength of the electrostatic interaction depends on Bjerrum length.
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Bjerrum length is the distance between two charges at which Coloumbic interaction
energy equals to the thermal energy. The magnitude of the Bjerrum length (𝜆𝐵 ) is given
as:8
𝜆𝐵 =

𝑒2
4𝜋𝜀0 𝜀𝑟 𝑘𝐵 𝑇

(1.15)

where e = elementary charge, 𝜀0 = permittivity of vacuum, 𝜀𝑟 = dielectric constant, 𝑘𝐵 =
Boltzmann constant and T = absolute temperature.
Different models have been used to explain the behavior of the charge containing
polymers. The first model that considers the electrostatics forces operating at two
different length scales to define total persistence length is the Odijk-Skolnick-Fixman
model.9, 10 According to this model, the total persistence length (lp) of the polymer chain
is the contribution from the intrinsic persistence length (l0) that originates from the
neutral part and the electrostatic persistence length (le) coming from electrostatic
interactions. That means that lp = l0 + le. The magnitude of the electrostatic persistence
length (le) determines the conformation of the ionic polymer. If le is greater than the
distance between the charges, the ionic aggregates are formed. If le is smaller than the
distance between the two ionizable groups, the polymer chain behaves as a weakly
interacting Gaussian polymer chain.
1.1.2. Dynamics of polymers
Dynamics of polymers determine many of their properties. In general, the
dynamics of polymer has been explained depending on the degree of confinement of the
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macromolecules. Dynamics include diffusion and segmental motion that depend on
phases of the polymers (i.e. melts, solutions and thin films.) In polymer melts, the most
agreeable model is the Reptation model11 whereas, for solutions, both the Rouse model12
and Zimm model13 are used. The Zimm model has been used to define the dynamics of a
polymer in solutions. In this section, the fundamentals of the polymer dynamics in a
solution are presented.
1.1.2.1.

Simple diffusion

Diffusion of particles through a medium occurs due to the concentration gradient
in the medium. If a particle is suspended in a medium, then the amount of force (F)
required to pull the particle through an isotropic medium with a velocity of v is given by:1
F = ζv

(1.16)

where bold letters represent vectors, and ζ represents the friction coefficient of the
particle in the medium. The relationship between the diffusion coefficient (D) and the
friction coefficient (ζ), at temperature T is given by the Einstein equation:1
𝐷=

𝑘𝐵 𝑇

(1.17)

𝜁

For a spherical object of radius R and in a liquid of viscosity η, the friction coefficient for
the particle is given by Strokes law:
𝜁 = 6𝜋𝜂𝑅

(1.18)

10

Combining equations 1.17 and 1.18, yields:
𝑘 𝑇

𝐵
𝐷 = 6𝜋𝜂𝑅

(1.19)

Equation 1.19 is called the Stokes-Einstein equation1 that can be used to determine the
size of a diffusing particle from the diffusion coefficient. In order to understand polymer
diffusion, one has to account for the polymer dimension and interactions.
1.1.2.2.

Zimm model

The simple diffusion mechanism described in the previous section is applicable
only for small molecules dispersed in a medium. The first model that defines the
diffusion of polymers in a solution is the Rouse model.12 Similar to the bead stick model
for a flexible polymer, this model considers a polymer chain of N monomers that
represents a bead-spring chain, where each bead is connected with springs of the root
mean square size of b, as presented in Figure 1.3. The Rouse model illustrates how the
bead moves to change the length and orientation of spring, thereby reshaping the whole
polymer chain by assuming that beads are points and have no excluded volume. The
Rouse model ignores the hydrodynamics forces caused by the solvent of the polymer
solution.
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Figure 1.3 Schematic of Zimm model for a polymer chain in spring-blob system with
hydrodynamic drags where arrows indicate the interaction between the polymer beads
Based on the Rouse model, Zimm developed a model that accounts the
hydrodynamics effects in dilute polymer solution by assuming the fact that polymer
chains take the solvent molecules in its excluded volume.1 The size (end-to-end distance,
R) of the polymer chain is given by R ≈ 𝑏𝑁 𝜐 where v is a scaling exponent. The solvent
with viscosity 𝜂𝑠 gives the friction coefficient of the chain of size R as:
𝜁𝑧 ≈ 𝜂𝑠 𝑅

(1.20)

where subscript z represents the parameters for the Zimm model. According to the
Einstein relation, the diffusion coefficient of a the Zimm chain is:
𝐷𝑧 =

𝑘𝑇
ζz

≈

𝑘𝑇
𝜂𝑠 𝑅

≈

𝑘𝑇
𝜂𝑠 𝑏𝑁 𝜐

(1.21)

The equation (1.21) is the Stokes-Einstein equation for a flexible polymer in dilute
solution. By including the chain’s excluded volume, Zimm calculated the diffusion
coefficient including the hydrodynamics interaction as:
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𝐷𝑧 =

8

𝑘𝑇

3√6𝜋 3 𝜂𝑠 𝑅

𝑘𝑇

≅ 0.196 𝜂

(1.22)

𝑠𝑅

The time that the polymer takes to diffuse a distance of its own size is defined as the
Zimm time and is given by:1
𝑅2

𝜂

𝜏𝑧 = D ≈ 𝑘𝑇𝑠 𝑅 3 ≈
z

𝜂𝑠 𝑏 3
𝑘𝑇

𝑁 3𝑣 ≈ 𝜏0 𝑁 3𝑣

(1.23)

where 𝜏0 is the relaxation time of individual monomers. On full calculation, the Zimm
relaxation time for an ideal polymer chain is:
𝜏𝑧 = 0.163

𝜂𝑠 3
𝑅
𝑘𝑇

(1.24)

Equation 1.24 shows that Zimm time directly depends on the excluded volume of the
polymer chain.
1.2. System studied
1.2.1. Poly phenyleneethynylene (PPE)s
One of the main systems studied here is PPEs polymers. The PPE molecule
shown in Figure 1.4 becomes conjugated when aromatic rings aligned in a same plane. In
general, conjugated polymers consist of carbon to carbon alternate single and double or
triple bonds with spatially delocalized band-like electronic structure. They are inherently
semiconducting14 where doping can make them conductive and act as molecular wires.
Polyacetylene is an example of such a conducting polymer.15 These properties make the
polymers potential candidates for organic electro-optical devices.16-18 The emission and
absorption characteristics of conjugated polymers rely on their conjugation length over
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which the delocalization of the  - electrons propagate. The chemical structures and the
conformations of a polymer determine the conjugation length that largely dictates their
intrinsic behaviors. The conformations of the polymer can be altered by changing the
chemical structures of the polymer as well as the polymer environment such as solvents,
temperature and the presence of interface. Unique electro-optical properties of conjugated
polymers drove the different synthetic efforts. Polythiophene,19-21 Polyarylenevinylene,22,
23

polyphenylenes24,

25

and poly phenylene ethynylenes26-28 are some examples of the

polymers synthesized to study their enhanced electro-optical response. Some polymers
are inherently conjugated and others become conjugated upon conformational changes.
PPEs belong to the polymers of the latter type.

Figure 1.4 Chemical structure of the dialkyl PPE. R is the side chain. PPEs with different
substituents have been used which will be defined in specific chapters.
PPEs are of great technological interest because of the presence of triple bonds
along with the aromatic ring that offers higher electron densities in the polymer
backbone. Presences of those π electrons in the backbone make the polymer luminescent.
Modifications of the side chain on the backbone allow tuning of emission and absorption
properties. Further, control over the conjugation is achieved from the tunability of the
aromatic rings. Aromatic rings in the backbone are hydrophobic. The side chain in the
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polymer is either hydrophobic such as alkyl chain or substituted ionizable hydrophilic
group. Depending on the backbone linkage, positions of the substituents and the
interaction with other molecules, different structures of PPEs in solutions are obtained.
Jones et al.29 have found the helical structure of the ortho-PPE at equilibrium
conformation.30 Conformations study of meta-PPE in solution by Arnt et al. have shown
the stretched out to helical conformation of the polymer based on the presence of side
chains.31 These polymers also form the helical to aggregates due to π-π stacking based on
the solvent used.32 The para-PPEs are neutral molecules of long persistent length which
form aggregates from attractive π-π intermolecular interaction. This study focuses only
on the para-PPEs of nonyl, ethylhexyl, and ionizable side chains. As in meta and ortho
form, para-PPE conformation is also affected by the solvent, nature of the side chain and
the intermolecular interactions. Hereafter, the acronym PPE has been used to represent
para-PPEs.
Compatibility of a solvent with polymers determines their conformation in
solution. Same solvent would be of a different quality for an aromatic and an aliphatic
group within a polymer chain, because of the differences in interactions of the solvent
with the polymer backbone and the side chain. There is seldom a common solvent that is
good for both backbone and side chain. In a dilute solution, at a concentration lower than
6 wt %, dinonyl PPE in toluene, a good solvent for the polymer backbone, forms a clear
molecular solution, in which a single molecule assumed a stretched out conformation in
the solvent.33 Upon decreasing the temperature, PPE molecules associate and form flat
aggregates. On further decreasing the temperature, the aggregates form a fragile gel
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phase. Perahia et al. have derived the phase diagram of PPEs as a function of
concentration and temperature.33 Figure 1.5 shows the phase diagram of the PPEs in
toluene. Visual observation of this spontaneously formed complex fluid of PPE shows the
formation of a transparent molecular solution at higher temperatures. When temperature
decreases, the polymer molecules associate into aggregates resulting in yellow color. In a
gel phase, the aggregates are more intact and exhibit a deep yellow color. These changes
in optical observations are attributed to the changes in dynamics of each component at
different states.
Dynamic study of molecular solutions of the dinonyl PPEs in deuterated toluene
using neutron spin echo (NSE), has shown that the polymer interacts predominantly with
the solvent molecules, forming a transparent solution.34 When aggregation takes place,
the polymer backbone motion is constrained, affecting its conformation. In the gel phase,
dynamics of aggregates are constrained. NSE study has shown the coupled dynamics of
both the polymer backbone and the side chain. It is not possible to differentiate the side
chain dynamics from the polymer backbone dynamics. Therefore, in this dissertation, we
are probing the dynamics of the PPEs side chain at all these spontaneously formed
complex phases, using quasi-elastic neutron scattering that resolve the dynamics at a
much smaller length scale.
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Figure 1.5 The phase diagram of dinonyl PPE in Toluene33
PPEs also assemble to the solid substrate, forming a different kind of
supramolecular structure ranging from a single molecular wire-like structure35 to
nanowires and nanoribbons.36,

37

PPEs, when cast from a toluene solution on solid

substrate, form cable-like aggregates33 due to the evaporation of the solvent during
casting. The interactions between solid substrate36 and the molecular parameters,38 such
as molecular weight and side chain of the polymers control the structure of the polymer
on a solid–air interface. In all cases, the existence of the interface induces the segregation
and ordering of the polymer by changing polymer conformations. Here we are studying
nanoparticles formed from these polymers.
1.2.2. Nanoparticles
Nanoparticles are of two types based on their origin, namely inorganic and
organic nanoparticles. Properties of inorganic nanoparticles such as gold, silver and iron
are different compared to their bulk characteristics.39,

40

Even though inorganic

nanoparticles provide enhanced electro-optical behavior, their uses in the field of bio-
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imaging are limited due to the cytotoxicity associated with the metal nanoparticles.41
Therefore, efforts have been made to make the nanoparticles from organic molecules that
are less toxic and bio compatible. To this end, nanoparticles formed from conjugated
polymers (CNPs) have taken much attention owing to their less toxicity and high
fluorescence brightness.
1.2.2.1.

Conjugated polymer nanoparticles

From the discovery of conductivity on Polyacetylene,42 conjugated are in the heart
of different electro-optical devices as light weight tunable materials. Their uses in
technology have been further enhanced due to the ability to optimize the electro-optical
response by changing the molecular architect of the polymer. In most of the applications,
conjugated polymers are used in the form of solutions and thin films. The structure of the
polymer on these states has been widely studied.14,

43, 44

Conjugated polymers, on the

other hand can form fascinating particles which are highly luminescent when collapsed in
a poor solvent.45
Change in the quality of the solvent changes the conformation of the polymer in a
solution. In a good solvent, polymers get fully extended conformation. The stretched out
conformation of the polymer is due to the maximum interactions of the polymer chain
with the solvent. When the quality of the solvent decreases, the polymer molecules try to
avoid the solvent contacts and form the polymer coils. In entirely poor solvent, the
polymer chains collapse to minimize the solvent contact and form the polydots.
These polydots are relatively smaller, bio-friendly, and less toxic compared to
inorganic nanoparticles. Besides these, the particles have high photostability and
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fluorescence brightness. Therefore, CPNs have potential in bio-imaging and drug
delivery46-48 applications. These polymer nanoparticles or polydots retain their
fluorescence even inside the living cells49. The photophysics of the polydots can be
modified by changing the shape, size and the conformation50,

51

of the host polymer.

Further, qualities of solvents, addition of ions, as well as temperature, also determine the
fundamental properties of the polydots. Control over the polymer backbone dynamics
offers the tunability to the polydots. These polydots have opened the way to design a
building block where they can be assembled into devices as single emissive particles for
sensing and bio-labelling purposes.
Conjugated polymers are rigid due to overlap of π orbitals along polymer
backbone. Most favorable conformation of the conjugated polymer is extended state
configuration,52-54 what holds these polymers in a collapsed state is challenging to
understand. Once the polymers are confined into polydots, the molecules are trapped in a
confined structure that differs from their most stable conformation. Though polydots have
shown immense potential for biological application, their conformations, and the forces
that hold them together in restricted geometry remains an open question. In this
dissertation, we are probing the structure and the stability of a class of polymer (Figure
1.4) that becomes conjugated on conformational constraint and are very rigid. Further, we
also resolve the correlations between the chemistry of conjugated polymers and their
structure in its nanoparticles along with their interactions with the environment.
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1.2.3. Ionomers
Ionomers are the polymers that have ionizable groups along or substituting to the
polymer backbone. Ionomers form several different complex structures because of the
presence of the hydrophobic and hydrophilic regions, where a delicate balance between
opposing interactions results in unique tunable structures. The ability to tune the structure
of ionic polymers coupled with their high ionic conductivity in the presence of polar
solvents (water, methanol), make these materials attractive for many applications,
including proton exchange membranes for fuel cells,55 drug delivery,56 self-healing57 and
others.58

Figure 1.6 A schematic of the structure of multiplets in ionomer (a) Formation of ion
pairs (b) Formation of multiplets in ionomer melts60
Ionomers can be used in various applications in the form of solutions, thin film
cast on a substrate, and membranes. The structures of the ionomers are different in all of
these three forms. The structures in solutions9,

10

and the thin film cast on the solid

substrate59 have been extensively studied and are briefly discussed in the relevant
sections.
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In ionomer membranes, where thermal energy is not enough to break the counter
ion from the main polymer chain, two opposite charges make an electrical dipole in the
polymer chain. This electrical dipole creates an electrostatic attraction with the opposite
dipoles of the other chain and forms an ionic cluster. This phenomenon is described in the
first morphological model of ionomers proposed by Eisenberg in 1970. After this very
first model, a large number of models are presented in the literature to describe the
morphology of the ionomers membrane based on cluster formation.61-65 All models
describe the association of ionic pairs to multiplets and multiplets to ionic clusters. Figure
1.6 shows the formation of condensed ion pairs that lead to the multiplets in ionomers.
The formation of such clusters depends on the size of the ions, number of ions per
monomer and size of the polymer chain.
The molecular associations of the ionomers form a microphase separated ion-rich
domain that controls the physical properties of the polymer such as glass transition
temperature, viscosity, mechanical strength, as well as transport. The transport property
of the ionomers is due to its capacity to absorb the polar solvent (water, methanol) which
is the reason for the industrial uses of ionomers. Ability to control the dynamics of the
polymer backbone, the counter ions and guest molecules are the key for their
applications. If the dynamics of any one of those components are optimized, the overall
properties of the ionomer membrane change. For example, to maximize the ionic
transport of hydrogen and alkaline fuel cells requires a relatively high hydration level
which in turn leads the polymer to creep. Nafion® is one of the ionomers of technological
significance that shows unique phase diagram as a function of hydration level from ionic
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clusters in the polymer matrix, to the formation of hydrophilic channels where the
transport of the ions and water takes place.66
Because of the high production cost and high methanol permeability of Nafion®,67
intensive synthetic efforts are underway to design new polymers. Those polymers exhibit
the delicate balance between the dynamics of the polymer, to provide better conductivity
and thermal stability while facilitating controlled ionic and guest molecule transport.68
One of the pathways to overcome uncontrolled dynamics of the polymer backbone is to
enhance the backbone rigidity. The control over the backbone rigidity will impact the
transport pathway of the polymer and thereby, their selective transport activities in their
applications. Sulfonated polyphenylene (SPP), a polymer with a rigid backbone, was
synthesized69 as an alternative for the fuel cell membrane. The structure of the polymer is
presented in Figure 1.7

Figure 1.7 Structure of the sulfonated polyphenylene (SPP) ionomers
This polymer has highly rigid hydrophobic aromatic backbone decorated with
pendant phenyl side chains functionalized with sulfonic acid. Presence of hydrophilic and
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hydrophobic interactions leads to the segregation of the polymers into hydrophilic and
hydrophobic domains thereby giving the locally arranged bicontinuous region.70 The
amount of water present in this membrane affects the stability of the membrane as well as
its transport properties. The dynamics of the water present in this membrane have been
studied using Nuclear Magnetic Resonance (NMR) and Fourier Transform Infrared
Spectroscopy (FTIR) techniques.71 This study has shown that water resides at multiple
sites in the ionomers. The average diffusion coefficient of water obtained from this study
is one order of magnitude lower than the bulk water value.72 Since NMR measures the
dynamics in millisecond time scale, and gives the average diffusion coefficient, it is
imperative to study the internal dynamics of the rigid system of the SPP membrane at
different time and length scale. The dynamics of the polymer and the water in SPP
ionomer membranes determine the overall properties of the SPP membrane. We have
studied the internal dynamics of the rigid network of SPP polymer. The effects of
temperature, water contents and ionic strength on the water and polymer dynamics have
been studied in detail.
1.3. Outline and contribution
This dissertation resolves the structure and dynamics in rigid polymers using
different experimental and theoretical approaches. This study provides the basic
understanding of the structural evolution of rigid polymers polydots based on the intrinsic
properties of the polymers and the environment. Further, the internal dynamics in
complex fluid and ionic network of rigid polymers have also been resolved. This thesis
has been presented as follows.
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To resolve the structure and the dynamics, methods that provide the information
in right length and time scales are crucial. We have used several techniques that probe the
structure and dynamics in solution and thin films at multiple length and time scale. The
structure in solution has been studied using Small Angle Neutrons Scattering (SANS) and
the dynamics have been studied using Quasi-Elastic Neutron Scattering (QENS). Some
basics and the specifications of those techniques are presented in Chapter 2.
Chapter 3 discusses the dynamics in polymeric network formed from the rigid
sulfonated polyphenylene ionomers as a function of hydration levels and temperature
using QENS. Within the sensitivity of the instrument, we found that the polymers in this
rigid network are immobile, and water in the membrane shows dynamics. When the
temperature and the degree of hydration increase, the dynamics of water enhances
significantly.
Chapter 4 presents the dynamics of the side chain of a rigid luminescent polymer.
The dynamics of the side chain in a spontaneously formed complex fluid of a rigid PPE
with long nonyl side chains has been studied using QENS, where we detected the
dynamics of the polymer side chain within the length scale covered by the instruments.
The side chain shows the confined dynamics at low temperature where the polymer forms
a gel phase. As the temperature increases, the side chain motion increases significantly.
At both the micellar phase and the gel phase, we found the internal motion of the polymer
side chain.
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Chapter 5 focuses on the structure and the stability of the polydots formed from
the rigid PPE having ionizable side chain, as a function of temperature and concentration.
We found the evolution in the shape and the size of the polydots from oblate symmetry at
lower concentration to spherical symmetry at higher concentration. Further, the polydots
show immense stability towards the temperature due to the presence of the ionizable
group on the surface of the polydots.
Chapter 6 explores the structure, stability and the assembly of the rigid
diethylhexyl PPE polydots in water. The conformation of the polymer inside the nanodimension has been studied as a function of temperature and concentration. We found
that the polydots at low concentration forms the oblate shape polydots and at high
concentration, it forms spherical polydots. The polydots at all measured concentrations
change their sizes upon increasing the temperature, due to the penetration of the solvent
inside the particles. The particles at lower concentration reflect more temperature effects
than at higher concentration, due to the fewer number of the polymer inside the particles
at a lower concentration.
Chapter 7 presents the effect of the solvent on the structure and stability of
polydots of rigid diethylhexyl PPE collapsed in ethylene glycol, a solvent compatible to
water and has a high boiling point. We found that polydots are of spherical symmetry
irrespective of their concentration and swell, and start to unwind significantly at higher
temperatures. Polydots formed from higher concentrations show instability compared to
those from the lower concentration.
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A summary of this dissertation is presented in Chapter 8.

1.4. References
1.

M. Rubinstein and R. Colby, Polymer physics, Oxford University Press Inc. New

York, 2003.

2.

I. Teraoka, Polymer Solutions: An Introduction to Physical Properties, John

Wiley & Sons, Inc., 2002.

3.

M. Fixman and W. Stockmayer, Annu. Rev. Phys. Chem., 1970, 21, 407-428.

4.

H. Benoit and P. Doty, Journal of Physical Chemistry, 1953, 87, 958.

5

A. Brulet, F. Boue and J. Cotton, Journal De Physique Ii, 1996, 6, 885-891.

6.

K. Dill and S. Bromberg, Molecular Driving Forces: Statistical Thermodynamics
in Chemistry and Biology, Taylor and Francis Group, New York, 2002.

7.

P. Gennes, Scaling Concepts in Polymer Physics, Cornell University Press:
Ithaca, New York, 1979.

8.

A. Dobrynin and M. Rubinstein, Progress in Polymer Science, 2005, 30, 10491118.

26

9.

T. Odijk, Journal of Polymer Science Part B-Polymer Physics, 1977, 15, 477-483.

10.

J. Skolnick and M. Fixman, Macromolecules, 1977, 10, 944-948.

11.

M. Doi and S. Edwards, The Theory of Polymer Dynamics, Oxford University
Press Inc., New York, 1986.

12.

P. Rouse, The Journal of Chemical Physics, 1953, 21, 1272-1280.

13.

B. Zimm, The Journal of Chemical Physics, 1956, 24, 269-278.

14

A. Heeger, Reviews of Modern Physics, 2001, 73, 681-700.

15.

C. Chiang, C. Fincher, Y. Park, A. Heeger, H. Shirakawa, E. Louis, S. Gau and A.
Macdiarmid, Phys. Rev. Lett., 1977, 39, 1098-1101.

16.

U. Bunz, Macromolecular Rapid Communications, 2009, 30, 772-805.

17.

J. Burroughes, D. Bradley, A. Brown, R. Marks, K. Mackay, R. Friend, P. Burns
and A. Holmes, Nature, 1990, 347, 539-541.

18.

G. Grem, G. Leditzky, B. Ullrich and G. Leising, Synth. Met., 1992, 51, 383-389.

19.

R. McCullough, Adv Mater, 1998, 10, 93.

20.

S. Ahn, M. Czae, E. Kim, H. Lee, S. Han, J. Noh and M. Hara, Macromolecules,
2001, 34, 2522-2527.

27

21.

M. Nicho, H. Hu, C. Lopez-Mata and J. Escalante, Solar Energy Mater. Solar
Cells, 2004, 82, 105-118.

22.

U. Scherf, Carbon Rich Compounds Ii: Macrocyclic Oligoacetylenes and Other
Linearly Conjugated Systems, 1999, 201, 163-222.

23.

P. Wu, F. Kim and S. Jenekhe, Chemistry of Materials, 2011, 23, 4618-4624.

24.

A. Grimsdale and K. Muellen, Emissive Materials: Nanomaterials, 2006, 199, 182.

25.

U. Lauter, W. Meyer, V. Enkelmann and G. Wegner, Macromolecular Chemistry
and Physics, 1998, 199, 2129-2140.

26.

H. Meier, H. Kretzschmann and M. Lang, Journal Fur Praktische ChemieChemiker-Zeitung, 1994, 336, 121-128.

27.

L. Kloppenburg, D. Jones and U. Bunz, Macromolecules, 1999, 32, 4194-4203.

28.

V. Solomin and W. Heitz, Macromolecular Chemistry and Physics, 1994, 195,
303-314.

29.

T. Jones, R. Blatchly and G. Tew, Org. Lett., 2003, 5, 3297-3299.

30.

R. Blatchly and G. Tew, J. Org. Chem., 2003, 68, 8780-8785.

31.

L. Arnt and G. Tew, Macromolecules, 2004, 37, 1283-1288.

28

32.

S. Lahiri, J. Thompson and J. Moore, J. Am. Chem. Soc., 2000, 122, 1131511319.

33.

D. Perahia, R. Traiphol and U. H. F. Bunz, Macromolecules, 2001, 34, 151-155.

34.

Y. Jiang, Structure and dynamics of poly (para-phenyleneethynylene)s in
solutions and thin films, Clemson University, 2008.

35.

R. Deans, J. Kim, M. Machacek and T. Swager, J. Am. Chem. Soc., 2000, 122,
8565-8566.

36.

P. Samori, V. Francke, K. Mullen and J. Rabe, Chem. -Eur. J., 1999, 5, 23122317.

37.

P. Samori, I. Sikharulidze, V. Francke, K. Mullen and J. Rabe, Nanotechnology,
1999, 10, 77-80.

38.

L. Chiavarone, M. Di Terlizzi, G. Scamarcio, F. Babudri, G. Farinola and F.
Naso, Appl. Phys. Lett., 1999, 75, 2053-2055.

39.

K. Kelly, E. Coronado, L. Zhao and G. Schatz, J Phys Chem B, 2003, 107, 668677.

40.

M. Daniel and D. Astruc, Chem. Rev., 2004, 104, 293-346.

41.

S. Soenen, P. Rivera-Gil, J. Montenegro, W. Parak, S. De Smedt and K.
Braeckmans, Nano Today, 2011, 6, 446-465.

29

42.

A. Heeger, Angewandte Chemie-International Edition, 2001, 40, 2591-2611.

43.

S. Guenes, H. Neugebauer and N. S. Sariciftci, Chem. Rev., 2007, 107, 13241338.

44.

A. Grimsdale, K. Chan, R. Martin, P. Jokisz and A. Holmes, Chem. Rev., 2009,
109, 897-1091.

45.

C. Szymanski, C. Wu, J. Hooper, M. Salazar, A. Perdomo, A. Dukes and J.
McNeill, J Phys Chem B, 2005, 109, 8543-8546.

46.

D. Tuncel and H. V. Demir, Nanoscale, 2010, 2, 484-494.

47.

C. F. Wu, S. Hansen, Q. Hou, J. Yu, M. Zeigler, Y. Jin, D. Burnham, J. McNeill,
J. Olson and D. Chiu, Angewandte Chemie-International Edition, 2011, 50, 34303434.

48.

J. Pecher and S. Mecking, Chem. Rev., 2010, 110, 6260-6279.

49.

L. Fernando, P. Kandel, P. Ackroyd and K. Christensen, Analytical and
Bioanalytical Chemistry, 2012, 404, 3003-3014.

50.

B. Schwartz, Annu. Rev. Phys. Chem., 2003, 54, 141-172.

51.

C. Davis, E. Childress and E. Harbron, Journal of Physical Chemistry C, 2011,
115, 19065-19073.

30

52.

A. Ohira and T. M. Swager, Macromolecules, 2007, 40, 19-25.

53.

S. Westenhoff and N. Kotov, J. Am. Chem. Soc., 2002, 124, 2448-2449.

54.

L. Bumm, J. Arnold, M. Cygan, T. Dunbar, T. Burgin, L. Jones, D. Allara, J. Tour
and P. Weiss, Science, 1996, 271, 1705-1707.

55.

J. Kerres, J. Membr. Sci., 2001, 185, 3-27.

56.

T. Bronich, A. Nehls, A. Eisenberg, V. Kabanov and A. Kabanov, Colloids and
Surfaces B-Biointerfaces, 1999, 16, 243-251.

57.

R. Varley and S. van der Zwaag, Polym. Int., 2010, 59, 1031-1038.

58.

K. Mauritz and R. Moore, Chem. Rev., 2004, 104, 4535-4585.

59.

A. Ohira, S. Kuroda, H. F. M. Mohamed and B. Tavernier, Physical Chemistry
Chemical Physics, 2013, 15, 11494-11500.

60.

A. Grosberg and A. Khokhlov, Giant Molecules Here, There, and Everywhere,
World Scientific Publishing.

61.

A. Eisenberg, Macromolecules, 1970, 2, 147-154.

62.

B. Dreyfus, Macromolecules, 1985, 18, 284-292.

63.

V. Datye and P. Taylor, Macromolecules, 1985, 18, 1479-1482.

31

64.

A. Eisenberg, B. Hird and R. Moore, Macromolecules, 1990, 23, 4098-4107.

65.

K. Mauritz and C. Rogers, Macromolecules, 1985, 18, 483-491.

66.

G. Gebel and J. Lambard, Macromolecules, 1997, 30, 7914-7920.

67.

P. Costamagna and S. Srinivasan, J. Power Sources, 2001, 102, 253-269.

68.

J. Kerres, J. Membr. Sci., 2001, 185, 3-27.

69.

C. Fujimoto, M. Hickner, C. Cornelius and D. Loy, Macromolecules, 2005, 38,
5010-5016.

70.

L. He, H. Smith, J. Majewski, C. Fujimoto, C. Cornelius and D. Perahia,
Macromolecules, 2009, 42, 5745-5751.

71.

L. He, C. J. Cornelius and D. Perahia, European Polymer Journal, 2014, 56, 168173

72.

M. Holz, S. Heil and A. Sacco, Phys. Chem. Chem. Phys., 2000, 2, 4740-4742.

32

CHAPTER TWO
EXPERIMENTAL METHODS

The structure and dynamics of rigid polymers were investigated using several
techniques. Small angle neutron scattering (SANS) and quasi-elastic neutron scattering
(QENS) were used to probe the structure and dynamics in both solutions and solid state
of the polymers. Surface morphology was studied using atomic force microscopy (AFM)
technique. Additional techniques including fluorescence microscopy and UV-vis were
used to follow aggregations. AFM1, 2, fluorescence microscopy3 and UV-vis4 are
commonly used techniques. Here this chapter reviews fundamentals of the SANS and
QENS techniques.
2.1 Neutron Scattering
Neutron scattering is an effective technique to study structure and dynamics in
soft materials. High penetrating capacity, low energy, non-destructive, non-ionizing and
isotope sensitive characteristics of the neutron make neutron scattering a method of
choice to study soft materials.5 While X-rays interact with electrons, neutrons interact
with the atomic nuclei. Therefore, neutrons are scattered significantly more effectively
from low atomic number elements in comparison to X-rays. In his neutron scattering
tutorial, R. Pynn5 illustrates the penetration power of three electromagnetic waves as
shown in Figure 2.1. Neutron (top-curve) has high penetration depth compare to X-rays
(middle-curve) and electrons (bottom-curve) waves. All three waves are used to study
soft matter. X-ray and electron scatterings are predominantly used for crystalline
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materials and neutrons for amorphous materials and liquids. Neutrons have spin and can
interact elastically and inelastically with soft matter during neutron scattering. Besides
this, neutrons are also used to probe the hidden interfaces and surface of soft materials
using neutron reflectivity.6 This is because, for neutrons, reflective index (n) of a sample
is less than 1 and is given as6, 7, 𝑛 = 1 − 𝛿 − 𝑖𝛽 , with 𝛿 =

𝜆2 𝜌
2𝜋

and 𝛽 =

𝜆𝜌𝑎𝑏𝑠
4𝜋

where 𝜆 is

wavelength, 𝜌 is scattering length density of the sample and 𝜌𝑎𝑏𝑠 is absorption crosssection density. Since our materials do not exhibit any magnetic component and distinct
interfaces, here only elastic and inelastic neutron scattering are relevant and discuss in
detail.

Figure 2.1 Penetration depths of electrons, X-ray and neutrons to the elements in its solid
or liquid form5
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Neutron is a neutral subatomic particle of mass 1.675 × 10-27 kg, with nuclear
spin of -1/2 and magnetic moment, μ = -9.66×10−27 J T-1. The relationship between
neutron wavelength (𝜆) and velocity (v) from Broglie law is:6
ℎ
𝑚𝑣
where, h is the Plank constant = 6.626 × 10-34 J s.
𝜆=

(2.1)

Kinetic energy of a neutron is given by:

𝐸=

1
𝑚𝑣 2
2

(2.2)

From equation (2.1) and (2.2), we get:

𝐸=

ℎ2
2𝑚𝜆2

(2.3)

Equation (2.3) relates the energy of neutrons with their wavelength. Based on their
energy, neutrons have been classified into hot, thermal and cold neutrons. Table 2.1
shows some characteristics of those neutrons. It is seen from the Table 2.1 that the
wavelength of neutron varies from 0.4 Å to 30 Å.
Table 2.1 Characteristics of hot, thermal and cold neutrons8

Temperature (K)
Energy (meV)
Wavelength (Å)

Hot neutron

Thermal neutron

1000 - 6000

60 - 1000

1 - 120

100 - 500

5 - 100

0.1 - 10

4-

30 -

1 - 0.4
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1

Cold neutron

3

Cold neutrons are ideal for the study of soft matter because their wavelength is in the
order of the phenomenon studied. Therefore, neutrons become a better tool to study the
structure and dynamics in hydrocarbon based materials.9
When a sample is irradiated by neutrons, based on the nature of the sample, some
neutrons are transmitted, some are absorbed and some are scattered. Neutrons can be
scattered in elastic or inelastic manner which in turn provide either structure or dynamics
respectively. Figure 2.2 shows an illustration of elastic neutron scattering from a neutron
scatter5,

7

where 𝑲𝒊 , 𝐸𝑖 and 𝜆𝑖 are wave vector, energy and the wavelength of incident

neutrons respectively. 𝑲𝒔 , 𝐸𝑠 and 𝜆𝑠 are final wave vector, energy and the wavelength of
scattered neutrons respectively. The angle between scattered neutron wave vector and the
direction of incident neutron wave vector is 2𝜃.

𝑲𝒔 , 𝐸𝑠 , 𝜆𝑠
q
𝑲𝒊 , 𝐸𝑖 , 𝜆𝑖

2𝜃

Figure 2.2 An illustration of elastic neutron scattering showing the relationship between
𝑲𝒊 , 𝑲𝒔 and q.
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In neutron scattering, the momentum and energy transfer are conserved.7
Therefore, the scattering wave vector (q), also known as momentum transfer vector, is
given by:

𝑞 = 𝐾𝑖 − 𝐾𝑠 =

4𝜋𝑠𝑖𝑛𝜃
𝜆

(2.4)

Energy change of the scattered neutron is given as:
ℏ2
(𝐾𝑖2 − 𝐾𝑠2 )
Δ𝐸 = ℏ𝜔 = 𝐸𝑖 − 𝐸𝑠 =
2𝑚

(2.5)

When atoms that scatter neutrons are in a well-defined lattice, then the scattering is
represented by Bragg’s law as:

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

(2.6)

where θ is the scattering angle, d is the distance between the two diffraction planes and n
is diffraction order. For small angle scattering, 𝑠𝑖𝑛𝜃 ≅ 𝜃 and d is often approximated by:
𝑑≈

2𝜋
𝑞

(2.7)

This relationship leads to a practical observation where higher the size of the scatter is,
smaller the value of the momentum transfer vector and vice-versa. Similar to scattering of
any electromagnetic waves from matter, the interaction of atoms with neutrons are
characterized by 𝜎, the scattering cross-section of the material presented in unit of barn (
1 barn = 10-24 cm2). Details of this interaction will be further discussed.
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A general configuration of a scattering experiment is presented in Figure 2.3.
When the sample is irradiated with an incident neutron flux of J0, neutrons flux of J will
be scattered. Based on the interactions of matter with neutrons, two basic quantities are
measured. One of them is differential scattering cross section measured from the ratio of
scattered neutron flux to that of the incident neutron flux. It gives the number of neutrons
scattered inside a solid angle of 𝑑Ω around the direction of the solid angle by:7, 10
𝐽
𝑑𝜎
=
𝐽0
𝑑Ω

(2.8)

Equation (2.8) gives the information about the structure of the scattering objects.

Direction
(𝜃, 𝜙)
𝑑Ω
r
2𝜃

Incident neutrons wave
𝐽0

𝐽

z

Sample

Figure 2.3 Schematic representation of a scattering experiment where Ω is the solid angle
of the scattered spherical neutron wave generated from the interactions of neutrons with
the sample and 𝜃 is the scattering angle.5, 7
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Dynamic information is obtained from the double differential cross section. It
gives the probability of the neutron leaving the sample in the solid angle of 𝑑Ω about the
direction Ω with some energy exchange. If Ei and Es are initial and final energies of the
incident and scattered neutron, then the double differential cross section is:10
𝑑2 𝜎
1 𝑑2𝜎
=
𝑑Ω𝑑𝐸𝑠 ℏ 𝑑Ω𝑑𝜔

(2.9)

Equation (2.9) measures the fluctuation in density of scatters as a function of time
therefore reflects the dynamics of a system.
The intensity of neutron scattering depends on neutron cross section (𝜎) and
scattering length (b) of scattering center. The neutron cross section and scattering length
are related as:7, 10
𝜎 = 4𝜋𝑏 2

(2.10)

To clarify it for a sample that consists of only one atom, from the equations (2.8) and
(2.10), we get,

𝑑𝜎
𝑑Ω

= 𝑏 2 . This provides the neutron scattering probability in unit solid

angle at a particular direction. In reality, neutrons are scattered by the ensemble of nuclei
from an entire sample. A sample is composed of several atoms of different elements.
Each atom of an element is also a mixture of their isotopes having particular nuclear spin.
Therefore, the scattering length, b, changes even from isotopes to isotopes within the
same element. The average of scattering lengths of all isotopically pure nucleus of zero
nuclear spin is coherent scattering length (𝑏𝑐𝑜ℎ ) that provides coherent scattering which is
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the collective scattering from all elements. The deviation of the scattering length from the
average value due to the presence of isotopes of non-zero spin state is incoherent scatting
length (𝑏𝑖𝑛𝑐 )10 that gives incoherent scattering which is off from the collective scattering:
𝑏𝑐𝑜ℎ = 〈𝑏〉

(2.11)

𝑏𝑖𝑛𝑐 = (〈𝑏 2 〉 − 〈𝑏〉2 )1/2

(2.12)

Therefore, coherent and incoherent scattering cross section becomes,
𝜎𝑐𝑜ℎ = 4𝜋〈𝑏〉2

(2.13)

𝜎𝑖𝑛𝑐 = 4𝜋(〈𝑏 2 〉 − 〈𝑏〉2 )

(2.14)

The difference in the scattering length leads to different scattering cross section
that yields high contrast factor during the neutron scattering. For example, incoherent
scattering lengths of Hydrogen and Deuterium are different that makes it possible to
study the complex structure and dynamics on those materials. Table 2.2 shows the
coherent and incoherent scattering cross section of some of commonly found elements in
polymer.10
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Table 2.2 Neutron scattering cross section of common elements10
Element
Hydrogen

Coherent cross section
(10-24cm2)
1.75

Incoherent cross section
(10-24cm2)
79.91

Deuterium

5.59

2.04

Carbon

5.55

0.001

Oxygen

4.23

00

Sulfur

1.01

0.007

2.1.1

Small Angle Neutron Scattering (SANS)

SANS measures the structure of the matter of size 1 - 500 nm. Since most of the
polymer structures dimensions lie within this range, this technique is effective to probe
polymer structure. SANS measures the elastic scattering from a sample. Therefore, the
number of scattered neutrons within the solid angle of 𝑑Ω around the direction of the
solid angle is measured. For a system of N scatters at the distance of ri from each other,
then the differential scattering cross-section is given by7:

𝑁

𝑑𝜎
= ∑ 𝑏𝑖 𝑏𝑗 𝑒𝑥𝑝 (−𝑖𝒒(𝒓𝒊 − 𝒓𝒋 ))
𝑑Ω

(2.15)

𝑖𝑗

The equation (2.15) can be split into two representing the coherent and incoherent
scattering form the material:7
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𝑁

𝑑𝜎
2
2
= 𝑏𝑐𝑜ℎ
∑ 〈𝑒𝑥𝑝 (−𝑖𝒒(𝒓𝒊 − 𝒓𝒋 ))〉 + 𝑁. 𝑏𝑖𝑛𝑐
𝑑Ω

(2.16)

𝑖𝑗

The equation 2.16 becomes:
𝑑𝜎
𝑑𝜎
𝑑𝜎
= ( ) +( )
𝑑Ω
𝑑Ω 𝑐𝑜ℎ
𝑑Ω 𝑖𝑛𝑐

(2.17)

where the first term in the equation (2.17) is the coherent differential cross section that
carries the information regarding the form and the spatial correlation of the scatters
coming from the scattering length fluctuations. Second term is the incoherent differential
cross section arising from the nuclear spin and random distribution of isotopes. In SANS
studies, the incoherent scattering is often incorporated into the background. The coherent
differential cross section includes the interferences from intra and intermolecular
periodicities. Therefore, the coherent scattering can be decomposed as:9

𝐼(𝑞) = (

𝑑𝜎
𝑁
) (𝑞) = ( ) 𝑉𝑝 2 (∆𝑏𝑣 ) 2 𝑃(𝑞)𝑆(𝑞)
𝑑𝛺 𝑐𝑜ℎ
𝑉

(2.18)

where N = number of scattering particles, V = total sample volume, Vp = the volume of
the particle and (∆𝑏) 2 = scattering length density (b/V) contrast between the scattering
media (1) and media (2) which is given as:
𝑏1
𝑏2
∆𝑏𝑣 = |( ) − ( )|
𝑉
𝑉

(2.19)
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∆𝑏𝑣 is the factor that determines whether we can see any scattering of neutrons from the
sample or not. b/V is the sum of scattering length from all the species in the sample:
𝑏 𝜌𝑁𝐴
=
∑ 𝑏𝑖
𝑉 𝑀𝑤

(2.20)

𝑖

where 𝜌 is the density, 𝑁𝐴 is the Avogadro’s number, 𝑀𝑤 is molecular mass and 𝑏𝑖 is
coherent scattering length of the scattering nuclei.
P(q) is the particle form factor. It is obtained from Fourier transfer (FT) of the
density of the scattering particles calculated from scattering wave amplitude and keeps
the information about the shape of the scattering object.
S(q) is the structure factor that gives the correlation between the positions of
scattering particles present in a sample. In dilute solution, there is no correlation between
the scattering particles. In this case, the total scattering has the contribution only from the
form factor. Therefore, here we only focus on the form factors.
A typical SANS scattering profile is presented in Figure 2.4 where scattering
intensity is plotted as a function of q. The scattering intensity is analyzed using two
approximations to determine the geometry and the size of the scattering objects. As
shown in the Figure 2.4, at very low q regime, Guinier approximation11 is used to extract
the size of the scattering object as:
𝑞 2 𝑅𝑔2
𝐼(𝑞) = 𝐼(0)𝑒𝑥𝑝 (−
)
3
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(2.21)

Low
q

High
q

Intermediate
q

1

I(q)

10

0

10

-1

10

Guinier
Rg

Slope

Slope





0.01

q

0.1

Figure 2.4 A typical SANS scattering profile showing the decay of scattering intensity at
different q regimes
where 𝐼(0) is the scattering intensity at q = 0 from which the molecular weight of a
polymer molecule in dilute solution can be determined. Rg is the radius of gyration of
spherical particles.
Scaling of scattering intensity at intermediate and high q is done using Porod
approximation12 that provides overall form factor of the scattering particles as well as
internal structure of the particle respectively. According to this approximation, the
scattering intensity scales as 𝐼 ∝ 𝑞 −𝛼 . The exponent 𝛼 is characteristic to the particular
shape of the scattering object. Exponent of 1 corresponds to cylinder or rod, 2
corresponds to disc shape structure whereas 4 correspond to spherical shape object.
Based on the decay of scattering profile, a large number of particles form factors have
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been calculated. For example, some of the form factors (p(q)) used in this research is
presented in the table 2.3.
Table 2.3 Neutron scattering particle form factors 7, 12, 13
Geometry of the
particles
Sphere

Form factors

𝑃(𝑞) =

[sin(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)]
(𝑞𝑅)3

q = momentum transfer vector
R = radius of the sphere
Oblate

1

𝑠𝑐𝑎𝑙𝑒
1⁄2
𝑃(𝑞) =
(𝜌𝑒𝑙𝑙 − 𝜌𝑠𝑜𝑙 )2 ∫ 𝑓 2 [𝑞𝑟𝑏 (1 + 𝑥 2 (𝑣 2 − 1))] 𝑑𝑥
𝑉𝑒𝑙𝑙
0

Vell = volume of the ellipsoid
𝑟𝑎 = major radius, 𝑟𝑏 = minor radius
x = orientation of the oblate
v = 𝑟𝑎 /𝑟𝑏
Cylinder
𝐹(𝑞, 𝛼) = 2(𝜌𝑐𝑦𝑙 − 𝜌𝑠𝑜𝑙𝑣 ) 𝑉𝑐𝑦𝑙 𝑗0 (𝑞𝐻𝑐𝑜𝑠𝛼)

Thin Rod

𝐽1 (𝑞𝑟 𝑠𝑖𝑛𝛼)
(𝑞𝑟 𝑠𝑖𝑛𝛼)

H = length of the cylinder
r = radius of the cylinder
𝑗0 (𝑥) = sin(𝑥)/𝑥, and J1(x) = first order Bessel function
𝛼 = orientation of the cylinder
𝑞𝐿
𝑞𝐿
sin2 ( 2 )
2
𝑠𝑖𝑛𝑥
𝑃(𝑞) =
∫
𝑑𝑥 −
𝑞𝐿
𝑥
𝑞𝐿 2
(2)
0
L = length of the rod
x = orientation of the rod

These form factors are often convoluted to the polydispersity and the fuzziness of the
scattering particles.
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Small angle neutron scattering experiments were carried out in two different
neutron scattering facilities. NG3 30-m SANS instrument14 at National Institute of
Standards and Technology (NIST), Center for Neutron Research and EQ-SANS15 at SNS
from Oak Ridge National Laboratory were used to carry out the SANS experiment. Other
than the samples, the scattering from solvents and empty cells were also measured. The
transmission from the samples, solvents, empty cell and empty beam were also measured
for the reduction of the data. SANS data in one-dimensional form was obtained after
reduction

using

reduction

software10

available

at

NIST

and

MantidPlot

(http://www.mantidproject.org/) software at SNS. SANS scattering data were analyzed
using the data analysis software available in NIST and SASfit version 0.93.5 developed
by Joachim Kohlbrecher and Ingo Bressler in Paul Scherrer Institute.14
2.1.2 Inelastic neutron scattering
In neutron scattering, as mentioned in previous section, the scattered neutrons
may also undergo energy exchange. By measuring the energy exchange of the neutrons,
information about atomic and molecular motion in soft and condensed matter is obtained.
In inelastic scattering, scattering intensity is determined as a function of scattering angle
and the magnitude of energy transferred between the scattered neutron and the sample.
Therefore, one measures the double differential scattering cross section,

𝑑2 𝜎
𝑑Ω 𝑑𝜔

, which is

the probability of scattering per unit solid angle with per unit energy transfer7. The
number of neutrons scattered into a solid angle of 𝑑Ω around a given direction having the
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final energy between ℏ𝜔 and ℏ𝜔 + ℏ𝑑𝜔 divided by the incoming neutron flux is given
by:7, 8, 10
∞
𝑑2𝜎
𝑘𝑠 1
〉
=
∑ ∑〈𝑏𝑖 𝑏𝑗 ∫ 〈𝑒𝑥𝑝[−𝑖𝒒𝒓𝒊 (𝑡)]𝑒𝑥𝑝[𝑖𝒒𝒓𝒋 (0)]〉 𝑒𝑥𝑝(𝑖𝜔𝑡)𝑑𝑡
𝑑Ω 𝑑𝜔 𝑘𝑖 2𝜋
−∞
𝑖

(2.22)

𝑗

where 𝒓𝒊 (𝑡) is the position of the scatter i at time t and 𝒓𝒋 (0) is the position of scatter j at
zero time. The equation (2.22) can be decomposed in to coherent (𝑖 = 𝑗) and incoherent
(𝑖 ≠ 𝑗) components because of the random variation in the scattering length b in
scattering system as:
∞
𝑑2𝜎
𝑘𝑠 〈𝑏 2 〉
=
∑ ∫ 〈𝑒𝑥𝑝[−𝑖𝒒𝒓𝒊 (𝑡)]𝑒𝑥𝑝[𝑖𝒒𝒓𝒊 (0)]〉 𝑒𝑥𝑝(𝑖𝜔𝑡)𝑑𝑡
𝑑Ω 𝑑𝜔 𝑘𝑖 2𝜋
−∞
𝑖

∞
𝑘𝑠 〈𝑏〉2
+
∑ ∑ ∫ 〈𝑒𝑥𝑝[−𝑖𝒒𝒓𝒊 (𝑡)]𝑒𝑥𝑝[𝑖𝒒𝒓𝒋 (0)]〉 𝑒𝑥𝑝(𝑖𝜔𝑡)𝑑𝑡 (2.23)
𝑘𝑖 2𝜋
−∞
𝑖≠𝑗

On introducing equations (2.13) and (2.14) in equation (2.23), we get:
𝑑2𝜎
1 𝑘𝑠
=
𝑁 (𝜎 𝑆 (𝒒, 𝜔) + 𝜎𝑖𝑛𝑐 𝑆𝑖𝑛𝑐 (𝒒, 𝜔))
𝑑Ω 𝑑𝜔 4𝜋 𝑘𝑖 𝑐𝑜ℎ 𝑐𝑜ℎ

(2.24)

where 𝑆𝑐𝑜ℎ (𝒒, 𝜔) is the coherent dynamics scattering function and 𝑆𝑖𝑛𝑐 (𝒒, 𝜔) is
incoherent dynamics scattering function. These two functions can be related to their
respective
𝑆𝑐𝑜ℎ (𝒒, 𝜔) =

intermediate

scattering

1 ∞
∫ 𝑆 (𝒒, 𝑡) exp(𝑖𝜔𝑡) 𝑑𝑡
2𝜋 −∞ 𝑐𝑜ℎ
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function

as:7
(2.25)

1 ∞
𝑆𝑖𝑛𝑐 (𝒒, 𝜔) =
∫ 𝑆 (𝒒, 𝑡) exp(𝑖𝜔𝑡) 𝑑𝑡
2𝜋 −∞ 𝑖𝑛𝑐

(2.26)

where 𝑆𝑐𝑜ℎ (𝒒, 𝑡) and 𝑆𝑖𝑛𝑐 (𝒒, 𝑡) are the coherent and the incoherent intermediate
scattering functions and are given as:7

𝑁

1
𝑆(𝒒, 𝑡) = ∑〈exp[−𝑖𝒒𝒓𝒊 (0)] exp[𝑖𝒒𝒓𝒋 (𝑡)]〉
𝑁

(2.27)

𝑖,𝑗

𝑁

1
𝑆𝑖𝑛𝑐 (𝒒, 𝑡) = ∑〈exp[−𝑖𝒒𝒓𝒊 (0)] exp[𝑖𝒒𝒓𝒊 (𝑡)]〉
𝑁

(2.28)

𝑖

The intermediate scattering function, which is the Fourier transform of Van Hove
correlation function in space, is a pair correlation function, 𝑔(𝒓, 𝑡) that gives the
probability of getting any particles in the small volume dr around the position r at the
given time t, and the self-correlation function, 𝑔𝑠 (𝒓, 𝑡) that gives the probability of
getting the particle from the origin in the volume dr around the position r at the given
time t, are given as:7

∞
1
𝑔(𝒓, 𝑡) =
∫ 𝑆 (𝒒, 𝑡) exp(𝑖𝒒𝒓) 𝑑𝒒
(2𝜋)3 −∞ 𝑐𝑜ℎ

(2.29)

∞
1
𝑔𝑠 (𝒓, 𝑡) =
∫ 𝑆 (𝒒, 𝑡) exp(𝑖𝒒𝒓) 𝑑𝒒
(2𝜋)3 −∞ 𝑖𝑛𝑐

(2.30)

The equation (2.29) contains the information regarding the time-dependent structural
evolution and reflects the interference effect coming from scatters having same average
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scattering length. The equation (2.30) gives the time evolution of a scatter by looking the
correlations that exists between the positions of the same scatter at different times
Therefore, it contains the information about the dynamics.
2.1.2.1 Quasi-elastic neutron scattering (QENS)
Quasi-elastic neutron scattering is an inelastic scattering with minimal energy
transfer from the neutrons to the sample. It captures both elastic and inelastic components
as described in Figure 2.5. When energy exchange is nearly zero and it gives an elastic
peak centered at zero energy transfer with some finite peak width. If there is finite loss or
gain of the energy, then the inelastic peaks are seen either in negative or positive energy
axis as shown in Figure 2.5.

Elastic peak

Quasi- elastic peak
Inelastic peak

Energy loss

Inelastic peak

0
Energy

Energy gain

Figure 2.5 Schematic of three different types of scattering peaks seen during the energy
scan
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When the atoms or molecules present in the sample undergo translational or
rotational diffusion during the scattering events than the scattering neutrons may lose or
gain energy. This transfer of energy is reflected in the broadening of the elastic peak and
termed as quasi-elastic peak.
QENS provides the experimental scattering function S (q,ω) as a function of
energy transfer (E = ħω) where ω is the angular frequency related to the energy transfer
in the quasi-elastic process between the neutron beam and scattering center. In quasielastic scattering, the measured scattering function S(q,ω) is given by:10
𝑆(𝒒, 𝜔) = 𝐷𝑊𝐹{𝐴0 (𝒒)𝛿𝜔 + [1 − 𝐴0 (𝒒)]𝑆𝑞𝐸 (𝒒, 𝜔)} + 𝑆𝑖𝑛 (𝒒, 𝜔)

(2.31)

where DWF = Debye-Waller factor that accounts for vibrational motion. Ao(q) accounts
the elastic incoherent scattering that becomes zero for diffusive motion17. δ(ω)
corresponds to the Dirac delta function at zero frequency. SqE(q,ω) is quasi-elastic and
Sin(q,ω) is inelastic incoherent scattering functions. The inelastic incoherent scattering
function is outside the energy window of the QENS instrument and not measured in the
experiment that we have performed in this research. Therefore, the equation (2.31) is
reduced to:7
𝑆(𝒒, 𝜔) = 𝐷𝑊𝐹 × {𝑆𝑞𝐸 (𝒒, 𝜔)}

(2.32)

The dynamic structure factor given in equation (2.32), the Fourier transform of
intermediate scattering function, is convoluted to the instrument resolution function
before data analysis. The instrumental resolution function is the lowest energy scattering
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function which can be measured from the instrument. The Figure 2.6 shows the Fourier
transform relationship between the van Hove correlation function 𝑔(𝒓, 𝑡), dynamic
scattering function 𝑆(𝒒, 𝜔), and intermediate scattering function 𝑆(𝒒, 𝑡) as:

FT(r), FT(t)

𝑆(𝒒, 𝜔)

𝑔(𝒓, 𝑡)

FT-1(r)

FT(t)
𝑆(𝒒, 𝑡)

Figure 2.6 Fourier transform (FT) relationship between dynamics structure factor,
intermediate scattering function and van Hove correlation functions7, 9
Therefore, the measured dynamic scattering function is Fourier transformed to
intermediate scattering function and modeled to the different diffusion mechanisms.
Some of the diffusion mechanisms are described below.
Simple diffusion: In simple diffusion, the scattering function becomes the simple
exponential form of:7
𝑆(𝒒, 𝑡) = 𝐴(𝒒, 𝑡) exp(−𝐷𝒒2 𝑡)

(2.33)

where 𝐴(𝒒, 𝑡) is DWF and D is translational diffusion constant.
Confined diffusion: In an absence of Fickian diffusion, the scattering function deviate
from the simple exponential shape and takes the form of stretched exponential. Then the
equation (2.32) becomes:7
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𝑆(𝒒, 𝑡) = 𝐴(𝒒, 𝑡) exp [− (

𝛽(𝒒,𝑇)
𝑡
)
]
𝜏𝛼 (𝒒, 𝑡)

(2.34)

where 𝜏𝛼 is characteristic relaxation time and 𝛽 is stretched exponential. The function
represented in equation (2.34) is also called Kohlrausch-Williams-Watts (KWW) function.
The DWF accounts the motion that is faster than the time resolution of the instrument.
Jump diffusion: In continuous diffusion, there is linear dependence of the quasi-elastic
broadening on q2 even at very high value of q. For the distance smaller than the allowed
volume, where the boundaries becomes insignificant, then the scattering function takes
the shape of Lorentzian function where the broadening levels off to a value independent
of q where the diffusion is defined by the jump mechanism.10 In this case, the scattering
function can be modeled as:18
𝑆(𝒒, 𝑡) = 𝐴(𝒒, 𝑡)

1
Γ(𝒒)
2
𝜋 𝜔 + Γ 2 (𝒒)

(2.35)

where Γ(𝑄) = half width at half maximum (HWHM) of the Lorentzian peak. The
extracted HWHM is analyzed using the jump diffusion model. This model assumes that a
molecule oscillates around an equilibrium position for an average time ( ) before it
jumps a distance L to another equilibrium position. Assuming the jump diffusion model,
the translational diffusion coefficient (D), and the residence time (𝜏0 ) are related to
HWHM18 via:

𝐻𝑊𝐻𝑀 =

𝐷𝒒2
1 + 𝐷𝒒2 𝜏0

(2.36)

From this, the jump length of diffusion, L , is calculated as:
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𝐿 = √6𝐷𝑡𝑟𝑎𝑛𝑠 𝜏0

(2.37)

QENS experiments have been carried out in two different neutron scattering facilities.

(a) NG-2 high flux backscattering spectrometer19 (HFBS) at the National Institute of
Standard and Technology (NIST), Gaithersburg, MD, USA was used. A neutron beam of
wavelength, λ0 = 6.27 Å and energy E0 = 2.08 μeV was used. There were sixteen detectors
within the angular range of 14.6o ≤ 2θ ≤ 121.25o that access a q ranges of 0.25 Å-1 to 1.74
Å-1. The instrument had been operated with dynamic energy ranges of ± 11 µeV.
(b) The backscattering spectrometer20, BASIS, at the Spallation Neutron Source, Oak
Ridge National Laboratory, TN, USA was also used in this research. A band of
polychromatic incident neutrons was used; the wavelength of the detected neutrons was
λ0 = 6.267 Å, as selected by Si(111) Bragg reflection at 88 degrees. A dynamic range
from −200 to +200 μeV was used to analyze the data. The overall energy resolution was
3.5 μeV (q-averaged value). The data from multiple detectors were binned into nine q
values to cover the q range of 0.20 Å-1 to 1.85 Å-1.
The data from the both instruments were reduced and analyzed using the DAVE21
software available at NIST.
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CHAPTER THREE
DYNAMICS IN RIGID NETWORKS OF SULFONATED POLY(PHENYLENE)
IONOMER MEMBRANES

Abstract
The dynamics in networks formed by highly rigid ionic polymers, sulfonated
poly(phenylene) (SPP), as studied by quasi-elastic neutron scattering (QENS) is
presented. These rigid ionic polymers form ion exchange membranes that impact a large
number of applications from water purification to clean energy, where their rigidity
distinguishes them from other ionic macromolecules. This study probes the dynamics of
dry and hydrated membranes of SPP. On the time scale of the measurement, the polymer
molecules are immobile and the membranes swell in water. This polar solvent segregates
to multiple sites where the water molecules are either free or bound. Two processes, fast
and slow components, were detected with a jump type of exchange between different
sites. The free and confined diffusion constants were extracted. With increasing
temperature and hydration level, the system becomes more dynamic. Water remains nonfrozen even at subzero temperatures.
Introduction
Ionomers are the polymers containing ionizable groups where in contrast to
polyelectrolytes, their overall conformation is determined from a balance between
electrostatic interactions and the effect of the backbone rigidity. Presence of incompatible
segments leads to the segregation into hydrophobic and ionic hydrophilic regions in the
form of ionic clusters.1 Such clustering into spherical aggregates has been observed in
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Nafion®2 and sulfonated polystyrene (SPS) films3,

4

whereas ladder type assembly has

been observed in SPS melts.5
When water is exposed to ionomers, it segregates towards hydrophilic domains
forming a hydrophilic region2,

6

where transport along the interface occurs. Their

potential technological and environmental applications such as hydrogen fuel cells,7,

8

sensors,9 water purification,10 and drug delivery,11 where controlled transport is
necessary, have driven a large number of studies. Here, we present a study of dynamics
of a rigid network of ionomers formed by sulfonated poly-phenylene (SPP)12 as shown in
Figure 3.1(a). The backbone of SPP is significantly more rigid than SPS 13 and Nafion®14
as revealed by extended conformation observed from molecular dynamics simulation
shown in Figure 3.1(b). The most prevalent technologically is Nafion®, a perfluoronated
ionomer. SPS has been used as a model system because of achievable molecular weight
by synthesis. In the presence of water, SPP membrane takes up the solvent molecules but
does not dissolve, forming a network of rod like aggregates15 bounded by ionic groups.
Here we demonstrated that the polymer network remains immobile on the time frame of
the measurement, whereas water occupies multiple sites and remains dynamic over a
broad temperature range.
Large numbers of studies are focused on Nafion®.2,

16-21

As a function of

hydration levels, the structure of Nafion® changes from spherical domains of ions at low
concentrations to a network of connected polymer rods at a high water content, leading to
phase separation.2 This inhomogeneity alters the local environments leading to a different
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dynamic behavior of water that differs from that of swollen homogeneous polymers that
affects the proton transport.22,

23

therefore, the significance of water on transport in

Nafion® membranes has driven numerous studies that have probed water dynamics.19, 22,
24, 25

(b)

(a)

Figure 3.1 (a) Chemical formula of the SPP ionomer repeat unit (b) Snapshot from
molecular dynamics simulation of SPP molecule in implicit good solvent with ε = 33.3, t
= 30 ns. The phenyl backbone is shown in blue, side phenyl ring in green, sulfur atoms
are in yellow, oxygen atoms are in red, and hydrogen atoms are in gray.
Dynamics of water in Nafion® have been studied using quasi-elastic neutron
scattering (QENS). For example, Volino and coworkers26 studied the mobility of water in
the Nafion® membrane for the first time and discovered a bulk like diffusion at a length
scale smaller than 10 Å. They also observed the existence of the fast and slow modes of
water dynamics in hydrated Nafion® membranes,25 which was also observed by Pivovar
et al.27 Further, using molecular dynamic simulation, Devanathan et al.24 have shown the

59

presence of bound, weakly bound, and unbound water in Nafion® membranes. They also
observed the increase in dynamics with increase in hydration levels.28
Here, using QENS, we probe the dynamics of the rigid ionic network of SPP
membranes at different length scales. We observed two distinctive regions of water
dynamics. One shows fast dynamics, and another shows slower and more confined
diffusion of water molecules, whose mobility increases with a rise in hydration levels.
SPP was synthesized12 as an alternative for an ion exchange membrane. SPP
membrane structure is dominated by polymer bundles with a locally bicontinuous region
which does not propagate across the sample.15 These bundles were also detected in
solutions of this polymer. This local structure of the polymer significantly affects the
macroscopic properties compared to other ionomers.29 Because the polymer is relatively
rigid compared to Nafion® and polystyrene sulfonate, we would expect a significant level
of water in the interstitial region.
Experimental
Materials
The SPP polymers were synthesized by Diels-Alder polymerization as described
by Fujimoto et al.12,
polydispersity

index

30

with the average molecular weight of 70,000 g/mole and
of

2.2.

SPPs

were

synthesized

from

1,4-bis(2,4,5-

triphenylcyclopendienone) benzene and 1,4-diethynylbenzene followed by sulfonation
with chlorosulfonic acid. The membranes were made by evaporation of a 10 wt. %
solution of SPP in N,N-dimethylacetamide (DMAc) from a flat glass container, and the
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solvent was allowed to evaporate at ambient condition. The ion exchange capacities
(IEC) of the SPP were determined from titration with 0.01M NaOH. Two polymers of
IECs 1.6 and 2.2 with corresponding sulfonation levels of 22 %, and 33.3 % were
studied. Deuterium oxide, D2O (99.9 %) was purchased from Cambridge Isotope
Laboratories. The protonated membranes were kept in a vacuum overnight at room
temperature.
Neutron Scattering and data analysis
The dynamic processes in SPP ionomer membranes were measured on two
spectrometers at two different neutron facilities, by performing QENS experiments. The
membranes saturated with boiling D2O were measured using the NG-2 high flux
backscattering spectrometer31 (HFBS) at the National Institute of Standard and
Technology (NIST). Wavelength of the neutron beam used was, λ0 = 6.27 Å
corresponding to an energy E0 = 2.08 meV. Sixteen Si (111) analyzer crystal detectors
that cover Q ranges of 0.25 Å-1 to 1.74 Å-1 were used. The instrument dynamic energy
range of ± 11 µeV was used. Data were collected as a function of temperature.
The dynamics of the membranes in H2O was studied on the backscattering
spectrometer (BASIS)32 at the Spallation Neutron Source, Oak Ridge National
Laboratory. A band of polychromatic incident neutrons was used; the wavelength of the
detected neutrons was λ0 = 6.267 Å, as selected by Si (111) Bragg reflection at 88
degrees. Useful data were obtained from the dynamic range of − 100 to + 100 μeV with
an overall energy resolution of 3.5 μeV. This value provides the average of the resolution
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at the Q range covered. The data from multiple detectors were binned into nine Q values
to cover the Q range of 0.20 Å-1 to 1.85 Å-1. Data were collected as a function of
temperature.
In both instruments, a standard top loading Closed Cycle Refrigerator, that uses
helium gas as a refrigerant, was used to obtain the target temperature. Data at both
spectrometers were collected for 10 hours. For both instruments, the data were reduced
and analyzed using the DAVE33 software developed at NIST.
Incoherent scattering originating from hydrogen atoms is predominantly measured
in a quasi-elastic neutron scattering. Inelastic cross section of hydrogen is significantly
higher than that of the elements that constitute most of the soft materials. The coherent
and incoherent scattering cross sections of the atoms of the elements that constitute the
SPP molecule are:34 σcoh(H) = 1.76 b, σinch(H) = 80.26 b, σcoh(D) = 5.59 b, σinch(D) = 2.04
b, σcoh(C) = 5.56 b, σinch(C) = 0 b, σcoh(S) = 1.02 b and σinch(S) = 0.007 b. In SPP
membranes, the dominant incoherent scattering originates from the protons on the
aromatic rings and residual water.
The intensity, I (Q, E ) , of the QENS spectra is given by: 34
𝐼(𝑄, 𝐸) = 𝐴(𝑄)[𝑝1 (𝑄)𝛿(𝐸) + (1 − 𝑝1 (𝑄))𝑆(𝑄, 𝐸) + 𝐵(𝑄, 𝐸)]⨂𝑅(𝑄, 𝐸)

(3.1)

where A(Q) and p1 Q  are scaling factor and contribution of elastic scattering
respectively. The  E  is a Dirac delta function peaked at zero energy and corresponds to
elastic scattering. S Q, E  is the quasi-elastic scattering function, BQ, E  which
corresponds to the background, and RQ, E  is the instrumental resolution function.
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Results and discussion
QENS spectra of SPP membranes at dry and saturated with D2O are presented in
Figure 3.2 as a function of temperature at four representative Q values.
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Figure 3.2 QENS spectra as a function of energy from dry (D) and D2O saturated (S)
protonated SPP membranes with IEC = 2.2 at indicated temperatures and Q values. The
measurements were carried out at HFBS in NIST. The symbols correspond to the
polymer, and a line corresponds to vanadium reference. The insets in the figures at Q =
1.0 Å-1 and Q = 1.74 Å-1 are the magnification of the marked regions.
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The spectrum obtained from dry membranes does not differ from that of the
vanadium standard for all measured Q values. Lack of broadening, in comparison to
stationary standard, showed that on the time and length scale captured by the instrument,
the polymer molecules are not dynamic. Surprisingly, the membranes saturated with D2O
showed no broadening for all other measured Q values as well.
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Figure 3.3 Representative QENS spectra as a function of energy of protonated SPP
membranes of IEC = 1.6 measured on BASIS (ORNL) (a) Ambient condition and (b)
Saturated with H2O. Symbols correspond to the data at the indicated temperatures. Solid
lines correspond to Lorentzian fits explained in the text. The dashed line represents the
vanadium reference.
For non-ionic polymers, increase in temperature enhances the mobility of
macromolecules.35 Here, no temperature effects were observed between 298 K and 363
K. This result suggests that within the energy resolution of the instrument, this polymer
network is immobile at room temperature and remains static across the measured
temperature range. Note that much faster vibrational dynamics is not detectable by the
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backscattering spectrometer. This frozen polymer network is consistent with the
dynamics of plasticized polymers.36
Once we established that the polymer is immobile, we probed water dynamics by
hydrating the membrane with H2O. Hickner et al.37 have observed the increase of
macroscopic transport of methanol and glucose with increasing humidity in SPP ionomer
membranes. Here, two humidity conditions were probed: ambient condition which
corresponds to the humidity of the atmosphere, and saturated, which is the membrane
soaked in water. Since the polymer molecules are immobile, quasi-elastic broadening
arises from the incoherent signal of the water. QENS signals of SPP (IEC = 1.6)
membranes measured at Q = 1.0 Å-1 for these two different conditions are shown in
Figure 3.3. Data at other Q values are presented in Figure 3.9 in the supporting
information. For both low and high water contents, the spectra broaden with increasing
temperature. Note that the polymer molecules remain frozen even at this high water
content as a function of temperature. The evolution of quasi-elastic signals with
increasing temperature shows that even though only a limited number of water molecules
are present, they are dynamic and not strongly associated with the polymer network. The
effects of water content on the dynamics are illustrated in Figure 3.4, where the spectra at
233 K and 343 K are presented at Q = 1.0 Å-1 are shown. The spectra at other Q values
are shown in Figure 3.10 of the supporting information.
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Figure 3.4 Comparison of QENS spectra of SPP (IEC = 1.6) membrane in ambient and
saturated conditions at Q = 1.0 Å-1 (a) 233 K (b) 343 K. Symbols represent the data, and
solid lines are fit to the models. Dashed lines represent the vanadium resolution.
Quasi-elastic scattering function, S Q, E  , given by equation 3.1, encloses the
information on the water dynamics. In the case of a simple translational motion, S Q, E 
(Q)
and Γ(Q) is half
  (Q)  E 2

is described by a Lorentzian function where S (Q, E )  1

2

width at half maximum (HWHM) of the QENS spectra. Several groups have shown that
Lorentzian function can describe dynamics in confined geometry. For example, Teixeira
et al.38 have shown the translational motion of water in confined geometry in
macroscopic level using QENS. Funel et al.39 have used a single Lorentzian to represent
the measured S Q, E  to define water dynamics in micro porous Vycor glass. In our
experiment, a single Lorentzian captures the fast dynamics at lower Q values very well.
However, it could not describe the slower component at larger values. Therefore, we used
two coupled Lorentzians, each representing a different characteristic time constant to
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analyze the data. This approach has been used to define the confined water dynamics as
shown by Diallo et al. in porous sheets of folded silica.40 Therefore, here, S Q, E  is
modeled as,

S Q, E   p2 Q 

1 Q 
1 2 Q 
 1  p2 Q 
2
  (Q)  E
 22 Q   E 2
1

2
1

(3.2)

where 1 Q  and 2 Q  correspond to the HWHM of two Lorentzians, the broader,
faster dynamics and narrower, slower dynamics respectively. p2 Q  and 1 p2 Q  are
the relative weights of the fast and slow components of the overall dynamics. The solid
lines in Figure 3.3 correspond to the best fit of 𝑆(𝑄, 𝐸) given in equation (3.2) by
incorportating the elastic component and resolution function given in equation (3.1).
Result from 1 Q  and 2 Q  at ambient and saturated conditions, as a function of Q2
are presented in Figure 3.5. Both 1 Q  and 2 Q  initially increase with Q at all
measured temperatures, where 1 Q  is significantly higher than 2 Q  , however, the
dependence of 1 Q  with Q2 is not linear as one would expect for normal Fickian
diffusion, where (Q)  DQ 2 with D as the translational diffusion coefficient. We find a
fast increase of 1 Q  for low Q which crosses over to a plateau at ~ 7 Å (Q = 1 Å-1) for
all measured temperatures. This is typical of jump diffusion in confined space. The
dependence of 2 Q  exhibits similar behavior at low Q and becomes rather spread at
high Q. This behavior of the slow component indicates that with increasing temperature,
the slower component of the dynamics captures slow structural changes. The change in

1 Q  and 2 Q  of the fully hydrated membrane, is shown in Figure 3.5(b). Both
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1 Q  and 2 Q  for the saturated membrane are higher than the values at ambient
conditions, but show the similar trend as a function of temperature. These results show
that water molecules in saturated membranes are significantly more dynamic, as
expected.
In order to extract the heterogeneous dynamics of water molecules at different
length and time scales, the 1 Q  and 2 Q  were analysized using the random jump
diffusion model41 given in equation (3.3). This is the simplest exchange model between
two different sites. This model has been used to define the water dynamics in ionomers
membrane27 and in porous media.40 The jump diffusion describes the propagation of
water molecules that undergo jump diffusion between two different sites. This model
assumes that a water molecule oscillates around an equilibrium position for an average
time (), before jumping a distance L to another equilibrium position. In this model, the
translational diffusion coefficient (D) and the residence time (  o ) are related to the

i Q  for i = 1, 2 as:42

i Q  

DQ 2
1  DQ 2 o

(3.3)

The jump length of diffusion, L , is calculated as

L  6 D 0

(3.4)

In the entire measured Q range, 1 Q  could be fit to this model, however, the model
could not be fit 2 Q  at high Q for both conditions.
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Figure 3.5 Temperature dependence of i Q  from best fits to the data for protonated
SPP 1.6 (a) Ambient condition. (b) Saturated with H2O. Solid lines represent the fit to
jump diffusion model. Horizontal lines for the lower panels are guide to the eye showing
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Table 3.1 Diffusion constants of SPP1.6 membranes for ambient and saturated conditions
as extracted from fit to jump diffusion model (D x 10-10m2s-1)

Ambient

Saturated

T(K)

fast

slow

fast

slow

233

9.0 ± 0.5

2.0 ± 1.0

24.0 ± 2.0

3.0 ± 1.0

263

17.0 ± 3.0

2.0 ± 1.0

29.0 ± 5.0

4.0 ± 1.0

300

42.0 ± 2.0

9.0 ± 2.0

54.0 ± 9.0

22.0 ± 4.0

343

47 ± 2

19.0 ± 1.0

69.0 ± 3.0

94.0 ± 1.0

Jump diffusion constants extracted from the fit at ambient and saturated
conditions are presented in Table 3.1. Results for the jump length are presented in Table
3.2. The jump diffusion constants for both fast and slow dynamics at saturated conditions
are faster then in ambient condition. In ionomers, water is conﬁned to the hydrophilic
domains. Higher amounts of water at saturated condition swell the hydrophilic domains
that create a larger volume for water to diffuse. Therefore, the higher value of water
diffusitivity at saturated membrane is attributed to the increase in the size of the
hydrophilic domain, which creates more freedom for the water molecule diffusion. This
is further corroborated by the jump length extracted from the analysis as shown in Table
3.2. The jump length increases with increasing temperature and hydration level of the
SPP membranes.
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Table 3.2 Jump length (Å) of SPP1.6 membranes at two conditions calculated from
diffusion constant extracted from the fit of i Q  to the jump diffusion model.
Ambient

Saturated

T(K)

fast

slow

fast

slow

233

3.6

4.2

5.7

5.8

263

5.0

4.2

6.1

5.4

300

7.0

6.6

6.2

10.7

343

6.2

9.5

7.0

20.2

Besides the hydration effects, we also found siginificant temperature effects on
the diffusion of water. Diffusion coefficients increase with increasing temperature at both
ambient and saturated conditions. Jump diffusion constants for slow dynamics are smaller
than for fast dynamics in both conditions at a given temperature except for saturated
membrane at 343 K. This unusually large value of the diffusion constant of the slow
component at 343 K may originate from structural changes of the network itself as shown
by He et al.15 It is interesting to note that, water remains dynamic below its freezing point
in this ionomer membarne.
Here we obtained a value of diffusion coefficient slightly higher than bulk water.
This phenomenon has been previously observed for water in confined geometry.43,

44

Here, with increasing temperature, more sulfonate groups migrate to the interface and
may facilitate water diffusivity. This high value of diffusivity is local and does not
propagate across the sample and remains confined on some length scale that may be
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larger than the lowest Q of QENS experiment. Therefore, leveling off of the low Q data is
not yet detectable.
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Figure 3.6 Temperature dependence of the relative weight of slower components of
Lorentzian functions showing the variation of 1-p2(Q) with Q of SPP (IEC = 1.6)
membrane (a) Ambient condition. (b) Saturated with H2O. Dotted lines are a guide to the
eyes.
Contribution of slow and fast components in the overall dynamics has been
determined by extracting their relative weights. The relative weight of the slow
components, 1-p2(Q), shows a variation with Q and are presented in Figure 3.6. Figure
3.6 (a) is for the membrane at ambient condition and Figure 3.6 (b) is for the membrane
at saturated condition. In both cases, 1-p2(Q) decreases as Q increases and levels off at
high temperature for higher Q values. These crossovers seen at higher Q values at higher
temperatures reflect the capturing of some coherent scattering at smaller length scale. As
the temperature rises, the molecular motion of the water molecules increases, leading to
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an increase in the jump length of the water. This increase in jump length makes the
leveling off of the relative weight of the slow components at higher Q values.
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Figure 3.7 Temperature dependence of diffusion coefficients of two different motions of
water confined in SPP (IEC = 1.6) in ambient and saturated conditions. The data points
represent the diffusion coefficient at measured temperatures and the solid lines are fit to
the Arrhenius function.
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Here we showed that, water in the ionomer follows two diffusion processes. The
temperature dependence of the diffusion coefficients of both populations of water at
ambient and saturated condition is illustrated in Figure 3.7. The diffusion constants of
water extracted for both types of water population follows the Arrhenius processes of


D  Ae

Ea
RT

, where

D is

the self-diffusion coefficient,

A is

a constant, and

R is

the universal

gas constant. The diffusion coefficients at 233 K for the slow water dynamics could not
be included in the Arrhenius fit, reflecting the fact that slow population of water
molecules do not show Arrhenius behavior at T ≤ 233 K. The activation energies of the
diffusion mechanism at both conditions were calculated and summarized in Table 3.3.
Activation energy of the slow population of water is comparable to the bulk water
hydrogen bonding45 but lower than for the fast population of water.
TABLE 3.3. Activation energy of two types of motion in SPP (IEC = 1.6) at ambient and
saturated conditions obtained from the Arrhenius fit parameters.
Samples
Ambient
Saturated

Activation energy (kJ/mol)
Fast motion
Slow motion
10.9
20.9
6.8
29.6

This lower value of

Ea

compared to bulk water, is attributed to the presence of

bundles of polymers, along with sulfonated groups that accelerate the water diffusion.
The activation energy for fast diffusion of water for the saturated membrane is smaller
than at ambient conditions. This smaller value of activation energy corresponds to the
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lowering of the energy barrier for the diffusion and is consistent with the swollen
membranes. The interfacial diffusion of water molecules is facilitated by the backbone
rigidity giving rise to faster diffusion with smaller activation energy.
Summary
Dynamic of water in sulfonated poly(phenylene) ionomers membranes as a
function of hydration level and temperature have been studied using QENS.

Å

Cluster

Polymer
backbone

Figure 3.8 Schematic of sulfonated polyphenylene ionomers membrane showing ionic
clusters and water molecules. The blue lines represent the polymer backbone. The red
sphere with yellow core represents the side chain with sulfonic group. The structure with
black and pink spheres represents a water molecule. The dashed circle represents an ionic
cluster. The double headed arrows show the region of possible water dynamics.
Our study showed that on the time scale of measurement, the polymers are
immobile, while the water in the membrane showed two types of dynamics. We observed
the fast jump diffusion of water molecules in a hydrophilic channel and slow in ionic
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clusters, where it binds with sulfonic groups as represented in Figure 3.8. We found that
diffusion of both populations of water molecules rise with increasing water content and
temperature, and are higher than the values reported for Nafion®.27 These higher values
are attributed to the rigidity of the SPP polymer backbone. A remarkable finding is that
water molecules remain non-frozen to subzero temperatures in SPP ionomers
membranes.
Supporting Information
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Figure 3.9 QENS spectra as a function of energy of protonated SPP membranes of IEC =
1.6 measured on BASIS (ORNL) at indicated Q values. (a) Ambient condition and (b)
Saturated with H2O. Symbols are the data at the indicated temperatures and Q values.
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Solid lines correspond to Lorentzian fits discussed in the text. The dashed line represents
the vanadium reference.
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Figure 3.10 Comparison of QENS spectra of SPP (IEC = 1.6) membrane in ambient and
saturated conditions at indicated Q values (a) 233 K (b) 343 K. Symbols represent to the
data and solid lines to model fits. Dashed lines represent the vanadium resolution.
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CHAPTER FOUR
DYNAMICS OF LUMINESCENT POLYMERS AS RESOLVED BY QUASIELASTIC NEUTRON SCATTERING

Abstract
The dynamic processes in a solution of dinonyl poly para-phenyleneethylene
(PPE) in toluene as resolved by Quasi-elastic neutron scattering (QENS) are presented.
PPEs are luminescent polymers that form several complex fluids in a solution as a
function of temperature, including molecular solutions in which the PPEs are stretched,
aggregates, as well as gels. The electro-optical behaviors of these polymers depend on the
conformations of the backbone and the aggregation mode of the chain. The backbone
consists of a phenyleneethynylene unit. For solubility, the backbone is often substituted
by alkyl side chains whose configuration impacts the conformation and association of the
polymer. The dynamics of the dinonyl PPE in its complex fluid were studied as a
function of temperature. We analyzed the data using the Kohlrausch-Williams-Watt
(KWW) model, and extracted the characteristic relaxation times. We found that the side
chain dynamic follows the degree of confinement of the PPEs. In molecular solutions, the
side chains are relatively free and average relaxation time scales with ~ Q-3 whereas in
micellar solutions with ~ Q-2 and the gel phase with ~ Q-1. Polymer backbones are frozen
but side chains remain dynamic in gel phase.
Introduction
Conjugated polymers are luminescent and inherently semiconducting, therefore,
bare the potential to serve as active components in organic based electronics such as
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organic transistors,1,

2

detectors3 and sensors,4 organic light emitting diodes,5 and

photovoltaic cells.6-8 The electro-optical response9 of a conjugated polymer depends on
their conjugation length, which is impacted by polymer dynamics that changes the
conformations.

Of

particular

interest

is

dialkyl

substituted

poly

para-

phenyleneethynylene (PPE) whose structure is shown in Figure 4.1(a). PPE represents a
class of polymers whose conjugation length depends on the relative orientation of the
aromatic rings with respect to each other. Depending on ortho, meta and para linkage of
the phenylene ethylene (PE) unit on the polymer backbone, this class of polymers
associate differently in solution forming complex fluids. The nature of the substituents
(polar and non-polar) and the solvent also impact the structure of the complex fluid. The
schematic representation of complex fluid formed by dinonyl PPE in toluene10 as derived
from small angle neutron scattering (SANS) is presented in Figure 4.1(b).

Figure. 4.1 (a) Chemical structure of dinonyl PPE where R in this study is C9H19. (b)
Schematic representation of complex fluid formed by dinonyl PPE in toluene as
determined by SANS11, 12
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At concentrations below 6wt % and temperature above ~ 45o C, dinonyl PPE in
toluene solutions appear clear, and the neutron scattering has shown that the polymer
molecules are extended.10 Maskey et al.13 showed that this surprisingly stretched out
conformation is the most stable one in a solution. They also showed that the length of the
substituents impacts the conformation of the backbone. Upon decreasing temperature, the
dinonyl PPE solutions become yellow and form flat aggregates that we refer to as
micellar phase.11 Further decrease in temperature, results in a color transition to deep
dark yellow and the aggregates form a gel phase. The dynamic processes in each of these
phases depend on the degree of confinement that will affect their luminescent
characteristics.
While the dynamics of flexible and semi-flexible polymers have been intensively
studied, only limited knowledge is available about rigid polymers. Padmanabhan and
coworkers14 have studied the dynamics of a semi-flexible polymer using a molecular
dynamics simulation. They found that Fickian diffusion dominates high temperature
solution, whereas at a low temperature gels are formed with constrained dynamics.
Theoretically, Frey and co-workers15, 16 have demonstrated that the dynamics is strongly
affected by their rigidity. Experimentally, in conjugated alkyl substituted bithiazole
oligomers, Curtis et al.17 have shown that overall dynamics is strongly impacted by the
motion of substituents. They have shown that the entire phase transition of bithiazole rely
on the side chain motion as they melt.
The dynamics often depend on the chemical structure incorporated in
macromolecules and the dynamics become heterogeneous as the flexibilities of polymer
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segments vary. Sakaie et al.18 for example, have shown the presence of slow and fast
dynamics in poly(ethylene oxide) [PEO] in poly(methyl methacrylate) [PMMA] polymer
blend, whereas in polystyrene-b-poly(ethylene-propylene), Stepanek et al.19 have
reported two fast modes of dynamics associated with solvent, besides the cooperative
diffusion of the polymer. The dynamics of rigid polymers, however, remain as an
unexplained area despite its broad impact. The current study will utilize quasi-elastic
neutron scattering (QENS) to investigate the molecular motion of dinonyl PPE in their
different complex fluids. QENS measures dynamics through incoherent scattering. In this
study incoherent scattering arises predominantly from the nonyl side chain.
QENS resolves the dynamics in the time scale of 10-9 – 10-13 sec. The types of
diffusion observed reflect in the scaling of characteristic relaxation time extracted from
QENS spectra with the momentum transfer vector Q, where Q = (4 sin 2 is the
scattering angle and λ is the wavelength of the incident neutron. For segmental
diffusion20,

21

of polymer chains in a dilute solution, the characteristic relaxation time

scales with Q-3. As micelles are formed, collective polymer chains dominate the
dynamics where translational diffusion with Q-2 dependence of characteristic relaxation is
detected.20, 22, 23 In gel phases, large scale displacement of the polymer chains are arrested
and a Q-1 dependence is measured.24 In this study, using QENS, we expect that with
increasing constraint, Q dependence of line width will vary.
Nuclear magnetic resonance (NMR) has shown that the solvent is partly
associated with the PPE molecules in all phases. It is surprisingly arrested in gel phase
even though it makes the majority component of the solution.10,
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25

Neutron spin echo

(NSE) has shown the coupled dynamics between the side chains and backbone.11 Here,
we take advantage of the sensitivity of QENS and follow the dynamics of the side chain
as they impact the backbone. We found that there is a clear correlation between the
degree of confinement of the molecules in their complex fluids, and their nano-meter
scale dynamics. We observed that the internal motion dominates the un-constrained
phase, whereas in the gel phase, while the motion of the aggregates is arrested, the side
chains retain significant freedom.
Experimental
Dinonyl PPE with a degree of polymerization (n = 90) synthesized as described
by Kloppenburg et al.26 were used. 3wt% solution of dinonyl PPE in 99.5 % deuterated
toluene (purchased from Cambridge Isotope Laboratories) was prepared. Incoherent
neutron scattering experiments were performed on the NG-2 high flux backscattering
spectrometer27 (HFBS) at the National Institute of Standard and Technology (NIST). A
neutron beam of wavelength, λ0 = 6.27 Å and energy E0 = 2.08 μeV was used. Sixteen
detectors capture an angular range of 14.6o ≤ 2θ ≤ 121.25o that access the Q ranges of
0.25 Å-1 to 1.74 Å-1 corresponding to 3.6 Å to 25.1 Å in real space. Si (111) analyzer
crystals are used to measure the scattered neutrons. The instrument dynamic energy range
is ± 11 µeV. A standard annular liquid cell of 1 mm thickness was used. For better signal
to noise ratio, the sample at each temperature was measured for about 10 hours. The
inside of the top lid was closed with a Teflon cap and sealed with an indium O-ring. A
standard top loading Closed Cycle Refrigerator cooled with helium was used to control
the sample temperature. In total, six QENS spectra were recorded between 280 K and 333
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K to cover the entire temperature range of interest. At first, the sample was cooled to 280
K, and spectra were taken. Then the sample was heated to the desired temperature. The
sample was kept for half an hour at each measured temperature for equilibration. The
background originated from the deuterated toluene measured for the same time at each of
three temperatures (280 K, 298 K, and 333 K) was subtracted. Data were normalized to
vanadium standard and extracted in the form of intensity as a function of energy and then
analyzed using DAVE28 available in NIST.
Neutron data analysis

QENS follows the incoherent scattering of neutrons from a sample. In dinonyl
PPE, incoherent scattering originating from hydrogens dominate the spectra. The
scattering cross section of the hydrogen, deuterium and carbon atoms are [σinch(H) =
80.26 b, σcoh(H) = 1.76 b, σcoh(D) = 5.59 b, σinch(D) = 2.04 b, σinch(C) = 0 b, σcoh(C) =
5.56 b].29 Side chains of the dinonyl PPE have 38 hydrogens and backbone has 2
hydrogens per repeat unit, with less than 0.5% protonated solvent, therefore scattering
from the side chain dominates the spectra. The measured dynamic scattering function S
(Q,ω), which is related to the energy transfer (E = ħω) where ω is the angular frequency
is given by:29
S (Q,  )  DWF{ A0 (Q) ( )  [1  A0 (Q)]S QE (Q,  )}  S IN (Q,  )

(4.1)

where DWF = Debye-Waller factor that takes care of vibrational motion. Ao(Q) accounts
the elastic incoherent scattering that has a zero value for diffusive motion30. δ(ω) is the
Dirac delta function corresponding to zero frequency. SQE (Q,ω) is the quasi-elastic, and
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SIN (Q,ω) is the inelastic incoherent scattering functions. In our case, a flat background
was added during data analysis to incorporate the DWF and residual incoherent scattering
from faster motions, which is outside the experimental energy window.
Dynamic processes are manifested in the line shape of the quasi-elastic peak that
reflects the mechanism of diffusion. In the first approximation, I Q, t   e  DtQ , where
2

I Q, t  is the intermediate scattering function and D is effective diffusion coefficient.31

The line shape is a Lorentzian and the scattering function is S Q,   

1

DQ 2

  2  DQ 2 2

where

S(Q,ω) is Fourier transformation of I Q, t  in time, then the effective diffusion
corresponds to the line width and represents a simple Fickian diffusion. The side chain
dynamics, however, is more complex and includes multiple processes. To capture this
behavior, 𝑆(𝑄, 𝜔) is modeled in terms of the Kohlrausch-Williams-Watt (KWW)32
function which is given by:
  t  
KWW t   A exp    
    

where

 KW W

exponential,



(4.2)

is the scattering function in the time domain,

 is the stretched

is the characteristic relaxation time for the motion that deviates from

simple Fickian diffusion.
Results and Discussion
QENS measurements were carried out in all three phases of dinonyl PPE in
toluene: molecular solution, the micellar phase and the gel phase.
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Figure. 4.2 (a) Vanadium normalized tail of the QENS spectra of dinonyl PPE in dtoluene at different temperatures, at indicated Q values that correspond to 25.1 Å, 17.4 Å,
and 11.4 Å in real space, where the symbols correspond to ◊ = 280 K, ♦ = 288 K, ∆ = 298
K, ▲= 308 K, ○ = 318 K and ● = 333 K . The inset figure diagrams a general quasi
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elastic scattering spectrum. (b) Peak height of the QENS spectra normalized to vanadium
at the same Q as a function of temperature, where the symbols represent to ◊ = 0.25 Å-1, ♦
= 0.36 Å-1 and ∆ = 0.46 Å-1. The cartoon shows the dimension of the side chain with and
without the polymer backbone. MS stands for molecular solution, MC for micelles phase
and G for gel phase. Dotted lines are fit to the Arrhenius function.
Figure 4.2 captures the broadening of the lines at different temperatures at
representative Q values. In all the Q range, broadening increases with temperature. A
close examination of the patterns as a function of temperature reveals groups of spectra as
presented in Figure 4.2(a). These groups correspond to different phases of dinonyl PPE in
toluene: molecular solutions at high temperature, micelles and gel at low temperature.
This is mostly distinguishable at Q = 0.46 Å-1.

As an initial insight, we plot the normalized intensity at three representative Q
values as a function of temperature, as shown in Figure 4.2 (b). This intensity
incorporates both elastic and quasi-elastic components. A previous SANS study10
however, shows that aggregation number changes with temperature and it therefore,
creates a challenge to separate them. A clear cross over is observed at T = 298 K. This
temperature corresponds to the gelation transition in this system. The decrease in the
overall line width and increase in intensities are consistent with reduced dynamics. The
QENS signal arises from the incoherent scattering, which originates here predominantly
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from the hydrogens on the side chains. Therefore, this qualitative intensities analysis
suggests that upon gelation, the side chains are significantly confined. This is consistent
with a previous NMR study25 that observed that both solvent and side chain become less
mobile as micelles and gels are formed. The normalized intensities follow an Arrhenius
behavior.
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Figure. 4.3 QENS spectra of dinonyl PPE in d-toluene at different temperatures at the
indicated Q value. The symbols represent the experimental data, and the solid lines
KWW analysis. The dotted lines correspond to the vanadium spectra. MS = molecular
solution, MC = micellar phase, and G = gel phase. The spectra were shifted vertically for
clarity.
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The energy extracted from the Arrhenius fit shows the decreasing trend when the
transition from molecular solution to gel occurs at a particular length scale. This
thermally induced phase transition of the complex fluid impacts the dynamics of the
polymer side chain.

The temperature dependence of the spectra at Q = 0.46 Å-1, which is 13.6 Å in
real space, that roughly corresponds to the dimension of the side chain, are presented in
Figure 4.3. At all temperatures, the spectral width is significantly broader than the
resolution spectrum, suggesting that in all three phases, the polymer side chains remain
dynamic. The spectral width, Δω, is increasing with increasing temperature, and the
overall intensity of the quasi-elastic line is decreasing. As the temperature increases, the
gel breaks, and this motion is convoluted with dynamics that originate at the longer
wavelengths.
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Figure. 4.4 QENS spectra of dinonyl PPE in d-toluene at different Q values at the
indicated temperatures. The symbols represent the experimental data, and the solid lines
represent the KWW fit and dotted lines represent to vanadium spectrum. The spectra
were shifted vertically for clarity.
We sampled across a Q range that corresponds to possible dynamics of the side
chain and presented in Figure 4.4. QENS signals were clearly detected on zooming in
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from ~ 25 Å that incorporates a cylinder that encapsulates an entire molecule, as shown in
the cartoon in Figure 4.2(b), down to ~ 7 Å. The data show strong changes in quasielastic broadening as Q increases from 0.25 Å-1 to 0.55 Å-1 at a given temperature, which
can be seen visually from the figure. At Q = 0.87 Å-1 , there is broadening at lower
temperatures, but at higher temperatures, data looks noisy, even though they show some
broadening, which might be coming from the fast motion of polymer side chains at
higher temperatures and higher Q values.
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Figure. 4.5 The dependence of  with temperature at the indicated Q values. The dotted
line is a guide to the eye

The length scales of dynamics and the broadening of peak suggest the presence of
heterogeneous dynamics. Therefore, data were analyzed using KKW function given in
equation 4.2 and



and

 were extracted. The dependence of the stretched exponential
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with temperature at different Q values is introduced in Figure 4.5. At all measured
temperatures,

 is less than one, suggesting the confined dynamics. At lower

temperatures,

 is ~ 0.4 and increasing with increasing temperature. Stretched

exponents were extracted predominantly in glassy polymers where
recorded.33 The low value of

 ~ 0.5 was

 measured in the dinonyl PPE gels is lower than that of

polymer glasses. This smaller value of

 indicates the broad distribution of relaxation

times due to different local environments. It is however, consistent with previous
measurements10 that show the confined dynamics in this gel phase. At higher
temperatures

 values are higher and scattered revealing the much narrower distribution

of relaxation time. This finding suggests that the polymer has more homogeneity in its
dynamics. This is consistent with the many conformations that the side chain can assume.
Similar behavior of

 was reported in small molecule glass formers34, 35 where it is

proposed that the side chain motions decoupled altogether from the main chain at high
temperature. Furthermore, the values of

 increase as the Q decreased. This means that

spectra becomes more and more stretched as Q increases and a crossover takes place to
non-Gaussian dynamics, due to an increase in the heterogeneity of the system.30. This is
because at smaller length scales polymer dynamics deviate from the simple diffusion,
where segmental motion of the chain dominates. The beta values at very low Q are also
random, which can be justified because of the coupled dynamics of the polymer
backbone, side chains and to some extent, the solvent at this length scale (Q = 0.25 Å-1).
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Average relaxation time,

 , reflecting the average life time of a polymer

conformation, was calculated from the stretched exponent, to account for the randomness
coming to the dynamics from the different conformations of side chains using the
following expression35.

1 1

    
   

(4.3)

where Г is the Gamma Function at a particular value of
Dependence of 

.

with temperature is presented in Figure 4.6. The average

relaxation time is increasing with decreasing temperature. At 280 K and 288 K,
4.7 to 2.2 ns whereas at 298 K and 308 K,
increases,

 is ~

 is between 3.2 to 0.49 ns. As temperature

 values remain constant. This is consistent with transformation into a more

constrained phase where the chain dynamics is hindered. Similarly, 

increases with

increasing Q values. It has been shown that average relaxation time36 decreases with
increasing Q that means

 increases with decreasing dynamics. Increasing Q means

zooming into smaller length scale or the internal motion of the side chains. These
conformations correspond to the internal segment motion and populated in all
temperatures.
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Figure. 4.6 Dependence of average relaxation time on temperature at the indicated Q
values. Two vertical lines show the temperature region for the phase transition from gel
to micelle and micelle to molecular solution.
The dependence of characteristic relaxation time with Q is shown in Figure 4.7 at
different temperatures. The scaling of KWW average relaxation time with Q predicts the
dynamics of the polymer. The dependence of the KWW average relaxation time with Q is
given by:37

 Q  Q  n

(4.4)

where 'n’ is an exponent that scales Q with average relaxation time.
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Figure. 4.7 Dependence of average relaxation time with Q at different temperatures, (a)
at low Q, dotted lines scale the dependence of average relaxation times with Q (b) at high
Q, data points are scattered and grouped in two, corresponding to the indicated phases.
Dynamic heterogeneity as a function of probing length scale at indicated
temperature is introduced in Figure 4.7(a). On increasing the temperature, the Q
dependence is increasing. At 280 K and 288 K, the average relaxation time varies with a
power law of ~ Q-1. This scaling is rather surprising. The weakest temperature
dependence that can be found in polymer dynamics is Q-2 at lower Q side. At higher Q
values, segmental motion dominates the polymer dynamics showing the strong Q
dependence of relaxation time. When the polymer system shows a typical beta around
0.5, this predicts an approximately Q-4 power law much stronger than the one proposed
for Brownian diffusion. The significant difference between Q-2 power laws for Brownian
diffusion and a non-Gaussian regime occurs in the spectral shape. In the case of
Brownian diffusion, spectrum is found to be simple exponential, while for the nonGaussian regime, it is highly stretched. As we observed, low beta values of KWW at
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these two temperatures, the dynamics seems to be rather heterogeneous-like, unlike
Brownian diffusion. This means that, the power law found in our case indicates
heterogeneous dynamics of polymer side chains at these two temperatures. This can be
explained considering that the dynamics are from the polymer side chains that mimic the
small polymer molecules. Furthermore, at these two temperatures, phase diagram11
confirms that dinonyl PPE actually form a gel. The dynamics of the gel is expected to be
heavily influenced by the surrounding solvent and the interaction between the two. This
weak Q dependence of relaxation time, Q-0.9 and Q-1.0, at these temperatures suggest the
slow and confined dynamics in gel phase. At temperatures of 298 K and 308 K, the
average relaxation time scales with Q-2.2 dependence indicate that the dinonyl PPE side
chain has a less restricted environment than it had at low temperatures and exhibit
collective diffusion behavior that reflects the characteristic of a micellar solution. At 318
K and 333 K, the Q dependence becomes stronger, which is Q-2.8 corresponding to the
internal motion of PPE side chain with fast dynamics in-cooperation with the interactions
from the solvent.
At higher Q values, zooming into segmental motion, the data becomes rather
noisy. Data at higher Q values are presented in Figure 4.7(b). In this range, one can still
capture well defined processes in the confined gel phase, however, in the micelles and
molecular solutions this segmental motion is at the edge of our detection ability. This can
be justified from the two different groups of the data shown in the Figure 4.7(b) showing
fast dynamics at low temperatures and slow at higher temperatures and high Q values.
This unusual behavior reflects some uncertainty on the measurement of
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 and average

relaxation time at high temperature and high Q. Overall, the scaling of the average
relaxation time with Q indicates a change in the dynamics behavior of the dinonyl PPE at
the temperature ranges of 280 K-288 K, 298 K-308 K, and 318 K-333 K with its
existence in three different phases.
Summary
QENS study shows that the phase transition of the dinonyl PPE directly affects
the dynamics of the side chain. At 280 K and 288 K, temperature corresponding to the gel
phase, motion is confined within the local environment. The average relaxation time is
scaled with ~ Q-1, which suggests the restricted side chain dynamics at low temperature.
At 298 K and 308 K, temperature corresponding to the micellar phase, the average
relaxation time is scaled with ~ Q-2, which indicates collective dynamics of the polymer
side chain. At 318 K and 333 K, temperature corresponding to the molecular solution, the
average relaxation time is scaled with ~ Q-3, which shows the internal motion of the
polymer side chain coupled with solvent interaction.
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CHAPTER FIVE
STRUCTURE AND CONFORMATION OF IONIZABLE LUMINESCENT
POLYMERS IN CONFINED GEOMETRY

Abstract
Rigid luminescent polymers, when collapsed in poor solvents, form highly fluorescent
polymeric nano-particles that have potential use in bio-imaging and drug delivery
applications. The polymer remains in a thermodynamically unstable condition but the
particles show very high stability. Conformation of the polymer can be controlled by
tethering ionizable groups to the backbone that alters their electro-optical response. This
work elucidates the structure and stability of the polydots of the di-alkyl poly parapolyphenyleneethynylene rigid polymer, incorporated with ethyl acetyloxy and
dooctyloxy with H+ counter ions side chain (i-PPE). Our small angle neutron scattering
(SANS) studies have shown that i-PPE assumes extended state conformation in
tetrahydrofuran. When collapsed in water, at low concentrations, < 50 ppm, it forms an
oblate structure having a higher amount of trapped solvent. At higher concentrations, >
50 ppm, it creates spherical polydots. As concentration increases, more and more
polymer chains go to the particle giving spherical shape with a lesser amount of trapped
solvent. i-PPE polydots remain stable up to a temperature of 80 oC compared to neutral
rigid analog. Atomic Force Microscopy study (AFM) showed the different size of the
nano aggregates based on the concentration of the precursor solution used to make the
polydots.
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Introduction
Probing nano-dimensions reveals exciting new properties that allow extending the
current understanding of materials, and opens a new technological horizon. These
materials include both hard and soft core nanoparticles (NPs). Hard-core NPs such as
gold, silver and iron are among the most studied metal NPs that exhibit unique properties,
which are differed from their bulk characteristics.1-3 Optical and electronic characteristics
of such NPs depend on their shape and size along with their environment.4, 5 Their nanodimensions characteristics are attributed to the collective electronic properties on the
surface of the particles. Those properties can be tailored by adjusting the shape and size
of the NPs that form a multicolor label, which is used as probes for biological diagnostic
applications.6 In contrast to the metal NPs, exciting new classes of NPs, polydots that
consist of soft core, have been recently made7-9 where their unique nano properties arise
from their size and packing of polymers. These polydots are smaller, bio-compatible, and
less toxic than hard NPs and have high photostability and brightness compared to metal
NPs. These polydots show promise as probes for single particle tracking in bio-imaging
or in drug delivery10-12 where their fluorescence remains sufficiently strong to be superior
to quantum dots.13, 14 Alternatively, those polydots can further assemble into devices that
rely on emission and absorption properties. Therefore, these soft NPs are the focus of
active scientific research.
The photophysics of those particles are described by quantum behavior such as
emission and absorption characteristics that are greatly influenced from shape, size and
the conformation15,

16

of the polymer used. The fundamental properties including
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emission, absorption and stability of these particles can be controlled by controlling the
polymer backbone dynamics, changing temperature, and addition of ions and quality of
solvents.
Of particular interest are polydots of conjugated polymers whose conformation
could be changed to tune the photophysics of the particles. One such family of polymers
is dialkyl poly para-phenyleneethynylene (PPE). These polymers become conjugated
under conformation constraint where the aromatic rings lie in the same plane. Backbone
dynamics and modification of the polymer side chain offer the control over the
conformation of the polymers, therefore, providing a unique path for in situ tunability of
the polydots. In dialkyl PPEs, the smallest rigid segment of the polymer determines its
conformation and assumes stretched out conformation17,

18

in a good solvent. A large

number of PPEs with different functionalities attached to the polymer backbone have
been synthesized.19 Among them, PPEs having ionizable functionalities attached are
promising for the detection of organic20 and inorganic21 species. Once the polymer is
collapsed in nano dimension, it becomes trapped in a conformation, which is far from
their stable conformation. Though polydots have shown immense potential, their
conformations, and the forces that hold them together remain an open question.
Therefore, understanding the internal structure, stability, and their interaction with the
environment is essential to their uses.
Molecular dynamics simulations have shown that within the polydots, aromatic
rings are uncorrelated and traces of solvent are captured.22 Our recent study of the
structure of the polydots of diethylhexyl PPE shows that shape and size of the polydots
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are concentration dependent and the polymer unwinds at higher temperatures.23 The
amount of water trapped inside the polydots increases with increasing concentration and
temperature. Here we present the effect of ionizable side chains on the structure and
stability of the polydots formed from the PPE shown in Figure 5.1. We found that ionic
groups add immense stability to the polydots.

Figure 5.1 Chemical formula of the ionizable poly para-phenyleneethylene (i-PPE)24
having ethyl acetyloxy and dooctyloxy with H+ counter ions side chain.
Modification to the side chain of PPEs, the semi-conducting polymers having
aromatic rings in the backbone, alters the overall phase diagram,25 and therefore, is
expected to affect the structure and stability of the polydots. This paper presents the
structure and stability of i-PPE polydots as determined by small angle neutron scattering
(SANS). The result provides the first structural insight into the structure and the
tunability of soft nanoparticles.
Experimental
Polydots preparation: i-PPE was synthesized in our lab and used in this
experiment24. The 1000 ppm stock solution of the polymer was prepared by dissolving
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the polymer in anhydrous tetrahydrofuran (THF) by stirring in a Fischer Vertex
mechanical vibrator for overnight. The solution was further diluted with THF to 700
ppm, 500 ppm, 200 ppm and 100 ppm. Polydots of i-PPE were prepared following the
method developed by Szymanski et al.7 The 200 μL solution of each concentration was
dispersed into 2 ml of D2O (Cambridge Isotopes Inc.) under sonication for two minutes.
Then the solutions were kept in a vacuum for overnight at room temperature to remove
traces of the THF present in the polydots dispersions. Finally, polydots of 10 ppm, 20
ppm, 50 ppm, 70 ppm and 100 ppm concentrations were prepared for the atomic force
microscopy (AFM) and SANS experiments. The pH was measured and found to vary
from 6.78 at 10 ppm to 4.87 at 100 ppm.
AFM experiment: The surface morphology of the polymer and the polydots cast
on solid substrate was probed using AFM (NanoScope IIIa, Digital Instrument, Japan) in
trapping mode, with a Si3N4 cantilever of spring constant 12-103 N/m, operating at a
frequency of 276 – 338 kHz. Drop casted samples of the polymer solution in THF, and
the polydots in D2O were prepared on a freshly cleaved mica surface. The samples were
kept in a vacuum overnight for solvent removal. The AFM images were analyzed using
WSxM software26.
SANS experiment and data analysis: SANS experiments were carried out at the
National Institute of Standards and Technology (NIST), Center for Neutron Research on
an NG3 30-m SANS instrument27. The solutions were placed in 2 mm path length cells.
Wavelength (λ) of the neutron used was 6.0 Å with a spread of Δλ/λ ≈ 10% for all
measurements. Three samples to detector distances of 1.3 m, 4.0 m and 13.1 m covering a
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scattering vector (q) of 0.003 Å-1 to 0.4 Å-1 where q = (4π/λ) sinθ and 2θ is the scattering
angle, were used. The scattering from 0.5 wt% polymer solution in d-THF (Cambridge
Isotopes Inc.) and polydots of 10 ppm, 20 ppm, 50 ppm, 70 ppm and 100 ppm in D2O
were measured as a function of temperature between 25 oC to 80 oC with a precision of ±
1 oC. Scattering from solvents, d-THF and D2O, and an empty cell were measured for
background subtraction. The intensity of scattered neutrons as a function of q in one
dimension was obtained by radial integration of the intensities, using the software
developed at NIST28. The scattering intensity 𝐼(𝑞) is a function of the sample volume
fraction (∅), scattering length density (SLD) difference between the scatter and the
solvent (∆𝜌), volume of the scattering object (𝑉𝑝 ), single particle form factor 𝑃(𝑞), and
the inter particle structure factor 𝑆(𝑞), which is given as:29
𝐼(𝑞) = ∅∆𝜌2 𝑉𝑝2 𝑃(𝑞)𝑆(𝑞) + background

(5.1)

The background accounts for incoherent scattering and instrumental noise. In a dilute
isotropic solution, where there are no interactions between assemblies, the particles
scatter independently. The scattering profile reflects the form factor, a Fourier
transformation of the nuclei density, and is given by:
𝐼(𝑞) = ∅∆𝜌2 𝑉𝑝2 𝑃(𝑞)

(5.2)

The scattering profile at intermediate q scales as 𝐼 ∝ 𝑞 −𝛼 . This exponent 𝛼 often serves
as an initial indicator for the shape of an object30. Here, three form factors were used.
A form factor of a cylinder with polydispersity on length summed with a power
law is given by:
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𝑃(𝑞) = 𝐴𝑞 −𝑛 + 𝑉

𝜋⁄2

𝑥

∅

𝑝𝑜𝑙𝑦

∫0 𝑓(𝑟)𝑑𝑟 ∫0

𝐹 2 (𝑞, 𝛼) 𝑠𝑖𝑛𝛼 𝑑𝛼 + 𝐵𝐾𝐺

(5.3)

where n is the low q porod exponent, ∅ is the volume fraction, 𝑓(𝑟) is the Schulz
distribution of the cylinder length and the 𝐹(𝑞, 𝛼) is a cylinder form factor.
𝐹(𝑞, 𝛼) = 2(𝜌𝑐𝑦𝑙 − 𝜌𝑠𝑜𝑙𝑣 ) 𝑉𝑐𝑦𝑙 𝑗0 (𝑞𝐻𝑐𝑜𝑠𝛼)

𝐽1 (𝑞𝑟 𝑠𝑖𝑛𝛼)

(5.4)

(𝑞𝑟 𝑠𝑖𝑛𝛼)

where 𝐽1 (𝑥) = sin(𝑥)/𝑥, is the first order Bessel function, 𝛼 is the orientation of the
cylinder with respect to q, 𝑉𝑐𝑦𝑙 = 𝜋𝑟 2 𝐿, is the volume of cylinder of length L = 2H and
the 𝛼 in the form factor is the orientation of the cylinder with respect to the direction of
the incident neutron wave.
A power law summed with the form factor of an oblate31 is given by:
1

∅

𝑃(𝑞) = 𝐴𝑞 −𝑛 + 𝑉 (𝜌𝑒𝑙𝑙 − 𝜌𝑠𝑜𝑙 )2 ∫0 𝑓(𝑧)2 [𝑞𝑟𝑏 (1 + 𝑥 2 (𝑣 2 − 1))]
𝑒𝑙𝑙

where, 𝑓(𝑧) = 3𝑉𝑒𝑙𝑙

(sin(𝑧)−𝑧𝑐𝑜𝑠(𝑧))

4𝜋

𝑧3

3

, 𝑉𝑒𝑙𝑙 =

𝑟𝑎 𝑟𝑏2 and 𝑣 =

𝑟𝑎
𝑟𝑏

1⁄2

𝑑𝑥 + 𝐵𝐾𝐺

(5.5)

.

A form factor of a hard sphere32 is given by
𝑃(𝑞) =

[sin(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)]
(𝑞𝑅)3

(5.6)

Data analysis software developed at NIST28 was used to analyze the data. SLD of the
polymer = 7.11  10-7Å-2, d-THF = 6.35  10-6Å-2 and D2O = 6.33  10-6Å-2 were taken
as initial parameters to fit the data.
Results and discussion
First, a 0.5wt% solution of i-PPE in THF, which is a good solvent, was studied.
The results are shown in Figure 5.2. The slope of the curves in the intermediate q is ~ -1,
for all temperature measurements. This suggests that i-PPE molecules are stretched out,
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similar to the non-ionic analog.33. A full fit to a cylindrical form factor could only capture
the data above q = 0.006 Å-1 at all measured temperatures. Therefore, a sum of the form
factor of a cylinder with a polydispersity on length and a power law34 (equation 5.3) was
used to fit the data at the entire q range.

i-PPE-D in d-THF
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Figure 5.2 SANS profile of the ionizable PPE of 0.5wt% in d-THF solution as a function
of temperatures. Symbols represent the data at the indicated temperatures. Solid lines are
fit to the sum of power law and cylinder form factor. Data have been shifted vertically for
clarity. The insert in the figure represents the Kratky plot of the corresponding SANS
data.
The power law captures the instantaneous aggregation that takes place even at low
concentration. The fit provides dimensions that are consistent with the molecular
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dimensions. A Kratky plot, Q I(Q) vs. Q is shown in the Figure as the insert. The linear
relationship seen in the Kratky plot supports the extended conformation of the polymer.
The scattering patterns do not show any visible changes as a function of temperature. The
slope in the middle q range does not change with temperature, suggesting that the overall
shape of scattering objects does not change. However, the Kratky plot shows some
spreading at high q that is consistent with an increase in flexibility at higher temperatures.
The dimensions of the cylinder extracted from the fitting are given in Figure 5.3. The
slight changes in the cylinder dimensions at higher temperatures are attributed to the little
intense intensity and enhance instability at higher temperature.
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Figure 5.3 Parameters obtained from fitting i-PPE of 0.5wt% in d-THF solution at
different temperature.
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Once the conformation of the polymer in a good solvent was determined, the
structures of the polymer, polydots and their assemblies in a solid substrate were studied.
A comparison between AFM images captured from THF solution and those of the
polydots are shown in Figure 5.4. The casting from 0.1wt% THF solution shows
cylindrical like aggregates of 72 ± 8 nm in length and ~ 36 ± 10 nm in width as presented
in Figure 5.4(a). These images are consistent with the association of the stretched out
molecules observed by SANS.
(a)

THF

(b)

10 ppm

200nm

(c)

100 ppm

200nm

Figure 5.4 AFM images of the drop cast film of ionizable i-PPE on a mica surface (a)
0.1wt% polymer in THF and (b) 10 ppm (c) 100 ppm polymers collapsed in D2O
On the other hand, casting from polydots solutions results in well-defined circular
aggregates at all concentrations. Two representative images of 10 ppm and 100 ppm
solutions are shown in Figure 5.4(b) and (c). Further analysis shows the roughly spherical
particles of 34 ± 6 nm sizes at 10 ppm and 70 ± 15 nm at 100 ppm. AFM analysis shows
that the polydots’ diameter increases on increasing concentrations.
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Polydots in D2O
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Figure 5.5 SANS profile of i-PPE collapsed in D2O at the indicated concentrations.
Symbols represent data. Solid lines are fit to the model specified in the text. The figure in
the insert shows the Kratky plot of the corresponding data.
The structures of the polydots as a function of concentration were further studied
using SANS. Scattering profiles from the polydots at 25 oC are shown in Figure 5.5. The
scattering intensity increases with increasing concentration of the parent polymer
solution. The increase in intensity could reflect either the increase in the polydots or the
number of polydots increases with concentration. Herein, we cannot separate the two.
The Kratky plots shown in the insert show a clear peak at each concentration, illustrating
the formation of collapsed particles. The overlapping of the patterns at high q shows that
the internal structure of the polydots remains the same with concentration.
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Slopes extracted from the scattering patterns are shown in Figure 5.6. Slope is
increasing upon going to a higher concentration. This slope behavior suggests a shape
transformation as concentration increases. The polydots of 10 ppm and 20 ppm were
analyzed with an oblate form factor. The higher concentrations of polydots (50 ppm, 70
ppm and 100 ppm) turn out to be fully spherical and analyzed with a hard sphere form
factor.
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Figure 5.6 Change in slope from the scattering data of i-PPE polydots collapsed in D2O
at 25 0C as a function of concentrations. Dotted line is a guide to the eye. Cartoons in the
figure represent the shape of the polydots at respective concentrations regime.
The fitting parameters obtained from the analysis using the form factors given by
equations 5.5 and 5.6 are presented in Figure 5.7.
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Figure 5.7 Parameters obtained from the fitting of i-PPE collapsed in D2O at 25 oC as a
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The dimensions obtained from the oblate model, the left panel, and hard sphere
model, the right panel, show an increase in size of the polydots as a function of
concentration. This increase is attributed to the presence of more polymer molecules
inside the particles. Low scattering intensity at lower concentration is further supported
by the SLD of the particles obtained from the fit. Polydots at low concentrations have
more trapped solvent inside because the SLDs extracted are higher than that of the pure
polymer. As concentration increases, more polymer chains are captured in one particle
and the amount of trapped solvent decreases. This decrease in the amount of the trapped
solvent on increasing the concentration, as shown in Figure 5.8, could be the result of
enhancement on the hydrophobic nature of the polymer chain. This nature of the polymer
maximizes their size by expelling more solvent they contain.
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Figure 5.8 Calculated fraction of solvent trapped inside the polydots ionizable PPE-D
collapsed in D2O at 25 oC as a function of concentration.

Temperature effects on the shape and size of 10 ppm and 100 ppm polydots is
presented in Figure 5.9(a-b). SANS patterns of both concentrations at all temperatures
have the same slope as in 25 oC. Therefore, data were analyzed using the same form
factor used to fit the data at 25 0C.
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Figure 5.9 SANS profile of ionizable i-PPE collapsed in D2O. Symbols represent the
data. Solid lines are the fit to the model specified in the text (a) 10 ppm (b) 100 ppm

Dimensions of the polydots extracted from the model fit for both concentrations
are presented in Figure 5.10. There is a slight increase in both the major and minor radii
of 10 ppm polydots as a function of temperature as shown in Figure 5.10(a). The
parameters of 100 ppm polydots show a slight but linear increase in their size as
presented in Figure 5.10(b). This increase in size at both concentrations is accompanied
by a small increase in SLD coming from the penetration of the solvent to the surface of
the polydots, which causes a little swelling. This remarkable stability of i-PPE polydots at
higher temperatures is due to the presence of the ionizable group on the surface, which
gets solvated with the water. The supplied thermal energy is not enough to break the
ionizable group-water bond and prevents the further penetration of the solvent inside the
polydots.
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Figure 5.10 Parameters obtained from fitting of i-PPE collapsed in D2O as a function of
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The amount of solvent trapped inside the polydots as a function of temperature
was calculated from the SLD extracted from the fit, and is presented in Figure 5.11 for
both concentrations. In both cases the amount of the solvent fraction is increasing very
little as temperature increases. The penetration of the solvent is higher in lower
concentration polydots as compared to the higher one. This high solvent content at 10
ppm polydots is attributed to the penetration of the solvent inside the aggregates that
shows a slight upturn at low q regime. Further, when temperature increases, thermal
energy breaks some of the physical interactions of the polydots and facilitates the solvent
penetration. The 𝛼 exponent is constant for all temperatures, which means that shape
does not change with temperature.
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Figure 5.11 Amount of solvent inside the ionizable polydots as a function of temperature
(error estimation ± 3%)

The shape and the size of the polydots obtained from the SANS measurement
diverges from the shape and size observed in AFM images. These differences are
attributed to the effects of solvent evaporation.

Summary
Structure and conformation of i-PPE in a good solvent and collapsed to nano
dimension were studied using SANS and AFM. The study showed that the i-PPE assumes
an extended conformation in good solvent similar to its non-ionic analog. When
collapsed into nano-dimension in water, the polydots of different shape and size are
formed. An oblate to sphere shaped transition is observed with increasing concentration.
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The shape of the polydots hardly changes from room temperature to 80 oC regardless of
its concentrations. This stability of the polydots is attributed to the presence of the
ionizable group at the surface of the polydots.
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CHAPTER SIX
STRUCTURE AND STABILITY OF POLYMERIC DOTS: LUMINESCENT
NANOPARTICLES FORMED BY COLLAPSED RIGID POLYMERS

Abstract
Rigid luminescent polymers assume stretched out conformation when dissolved in
a good solvent. When the polymer solution is transferred to a poor solvent, the polymer
chains collapse and form a colloidal suspension of highly fluorescing nanoparticles or
polydots. Those polydots are promising for biological studies such as intracellular
imaging, sensing and drug delivery. In this study, we used small angle neutron scattering
to study the structure and stability of the polydots formed from the diethylhexyl poly
para-phenyleneethynylene (Ethx-PPE) polymers in water. We found that formation of
polydots is of an oblate shape at low concentrations and a spherical shape at high
concentrations. When temperature is increased, the polydots swell but do not change the
symmetry of the particles. The effect of temperature is higher at a low concentration
compared to a high concentration. This effect is attributed to the polymer rigidity and the
availability of the conformational freedom of the polymer chain in low concentrations
than in high concentrations. The findings from the neutron studies were further supported
from the fluorescence behavior of the polydots. Atomic Force Microscopy showed the
polydots of different sizes based on the concentrations of the precursor solution.
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Introduction
Conjugated polymers exhibit several unique properties that make them attractive
in light- weight electro-optical devices.1-3 The chemical structure of conjugated polymers
can be tuned to attain the polymers of desired electro-optical properties. This tunability
has opened up new possibilities to incorporate conjugated polymers in a large number of
applications. The rich varieties of chemistry is the key for their uses in solar cells, 4,
organic photovoltaic,6,

7

5

light emitting devices,3 and transistors.8 While conjugated

polymers are currently in use, they are far from reaching their potential. Therefore, there
are numerous studies that are focused on synthesis of new materials and control of their
assembly.9 One promising application is as fluorescent markers that would impact bioimaging.10 Recently, conjugated polymers collapsed into nano-dimensions, also known as
polydots,11 have shown remarkable fluorescence properties for bio-imaging purposes.12
The polymers retain their strong fluorescence when confined in nano-dimensions. The
shape and size including the conformations of polymers inside the confined geometry are
responsible for the stability and photophysics of the polydots.13, 14 Despite the immense
potential for their applications in the field of bio-chemistry, the forces that confine the
polymers in restricted geometry remain a challenge.
Conjugated polymer nanoparticles offer a platform for in situ tunability of the
electronic structure from the control over the conformations of the polymer backbone,
that rely on the nature of solvents, temperature as well as with the chemical architect of
the polymer.15,

16

These nanoparticles have shown the potential for their use as single
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particle sensors or bio-markers. Even though several studies have demonstrated that
conjugated polydots can be used as biomarkers, there is no theoretical understanding
regarding the internal structure, dynamics and their response with their environment.
Here we are probing the structure and stability of the polydots formed from the
diethylhexyl poly para-phenyleneethynylene (Ethx-PPE) whose structure is shown in
Figure 6.1. We have chosen this polymer because the rotation of the polymer backbone
and introduction of different functionalities to the polymer backbone allow tuning the
electronic and photonic behavior of this rigid polymer polydots.

Figure 6.1 Chemical formula of diethylhexyl poly p-phenyleneethynylene (Ethx-PPE)
Wu and coworkers17 have successfully formed the nanoparticles of dialkyl PPE
by injecting the polymer solution into a poor solvent under rapid sonication. Those
particles are found to be stable and have high photostability over a long period with the
electro-optical behavior comparable to that of parent polymers.12, 18, 19 Conformation of
the PPE molecules inside the polydots is far from their elongated state20,
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21

in stable

conditions. Since the polydots remain intact for a long period, what controls the
conformation of this rigid polymer inside the polydots has not been resolved yet.

Figure 6.2 Snapshots of preparation of Ethx-PPE polydots in an implicit poor solvent
using molecular dynamics simulations (a) t = 0 ns, (b) t = 0.5 ns, and (c) t = 1 ns (d)
Polydots in water after 25 ns and (e) a cross-section from the center of the polydots.
Reprinted (adapted) with permission from (S. Maskey, N. C. Osti, D. Perahia and G. S.
Grest, Acs Macro Letters, 2013, 2, 700-704.). Copyright (2013) American Chemical
Society
Maskey et al. have studied the structure of the polydots formed from the EthxPPE using molecular dynamics simulation.22 They have found that these polymers once
collapsed to form polydots, remain in this conformation in both an implicit poor solvent
and water. They also reported that the Ethx-PPE forms a spherical shape of the particles
with a rough interface as shown in Figure 6.2. This study also showed no correlation
between the aromatic rings of the chain inside the polydots.
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Here, we present the structure and stability of the polydots of Ethx-PPE as a
function of concentration and temperature using atomic force microscopy (AFM), small
angle neutron scattering (SANS), fluorescence spectroscopy and UV-vis absorption
techniques.
Experimental
Poly(2,5-di(2’-ethylhexyl)phenylene-1,4-ethynylene) (Ethx-PPE) was purchased
from Sigma Aldrich and used without further purification. Deuterated water (D2O) and
deuterated Tetrahydrofuran (d-THF) were purchased from Cambridge Isotope Inc. The
1000 ppm stock solution of Ethx-PPE was prepared by dissolving a calculated amount of
the polymer in anhydrous THF by stirring it in a Fischer Vertex mechanical vibrator. The
1000 ppm stock solution was further diluted to 700 ppm, 500 ppm, 200 ppm and 100 ppm
concentrations for the preparation of 10 ppm, 20 ppm, 50 ppm, 70 ppm and 100 ppm of
the polydots in water. The polydots dispersions of Ethx-PPE in water were made
following the method developed by Szymanski et al.23 The 200 μL solutions of each
concentration were separately inserted into 2 ml of D2O under rapid sonication for 2
minutes for each concentration. Any traces of the THF present were removed by keeping
the polydots dispersions in a vacuum for overnight at room temperature. The structure
and stability of the prepared polydots were investigated using AFM, emission
spectroscopy, absorption spectroscopy and SANS experiments.
AFM measurement: Drop cast films of the polydots dispersions were prepared
in a freshly cleaved mica surface. The films were dried by keeping them in a vacuum
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overnight. A Digital multimode AFM in tapping mode with Olympus cantilevers of
spring constant 42 N/m, with a resonance frequency of 300 kHz was used to capture the
images. The AFM images were analyzed using WSxM software.24
Fluorescence measurement: Fluorescence emission measurement of the
polydots was carried out using a photon counting spectrofluorometer (Photon Technology
International QM-4). The spectra were collected as a function of concentration and
temperature at the excitation wavelength of 380 nm and 2nm band width. The spectra
were measured from 400 nm to 650 nm.
Absorption measurement: Absorption spectra of the polydots were measured
using a Cary 300 UV-VIS spectrophotometer with 1 nm spectral resolution operated at
double beam mode and 2 nm sample bandwidth. For each measurement, a baseline was
measured from the solvent. The spectra were collected from the polydots of 10 ppm and
100 ppm as a function of temperature.
SANS measurement: SANS measurement was performed on the EQ-SANS
instrument25 in the Oak Ridge National Laboratory. A sample to detector distance of 4 m
and sample aperture diameter of 10 mm were used. A sample cell of 2 mm path length
was used. Neutron wavelengths of 13.25 Å and 6 Å were used to cover the combined q
range of 0.0031 Å-1 to 0.111 Å-1 where q (q = (4π/λ) sinθ and 2θ is the scattering angle
and λ is a neutron wavelength) is the momentum transfer vector. The data were also
collected from an empty aluminum holder, empty cell and standard (Porosil B), along
with

the

solvents.

The

standard

procedure
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available

on

MantidPlot

(http://www.mantidproject.org/) was used to reduce the data. The data collected at two
wavelengths were merged using the MantidPlot software. The polymer in a good solvent
(0.01wt%) at room temperature and the polydots of 10 ppm, 20 ppm, 50 ppm, 70 ppm
and 100 ppm concentrations were measured from 25 oC to 80 oC. The temperature was
maintained using a water bath with the precision of ± 2 oC.
The measured scattering data contains the information of the size and the shape of
the scattering objects. The scattering intensity is the function of the sample volume
fraction (∅), scattering length density (SLD) differences, ∆𝜌 and Vp is the volume of a
scattering particle. The intra particles scattering is described with the particle form factor,
P(q) and the inter particles interaction gives the structure factor, S(q). The scattering
intensity can be expressed as:26
𝐼(𝑞) = ∅∆𝜌2 𝑉𝑝2 𝑃(𝑞)𝑆(𝑞) + 𝐵𝐾𝐺

(6.1)

where background (BKG) term accounts for the incoherent scattering and instrumental
noise. In a dilute particulate system, the inter particles interaction is negligible. Then, the
equation (6.1) can be written as:
𝐼(𝑞) = ∅∆𝜌2 𝑉𝑝2 𝑃(𝑞) + 𝐵𝐾𝐺

(6.2)

Initial analysis of the scattering patterns of the polydots was performed using the Porod
approximation27 that gives the trend of the intensity decay of the scattering profiles at an
intermediate q regime, where the intensity scales as 𝐼 ∝ 𝑞 −𝛼 . The value of 𝛼 of the
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scattering profile reflects the shape of the particles28. Based on the slope analysis
different form factors are used in this study.
Data of low concentrations were fitted using the form factor of an oblate which is
given by:29
1

𝑠𝑐𝑎𝑙𝑒
1⁄2
𝑃(𝑞) =
(𝜌𝑒𝑙𝑙 − 𝜌𝑠𝑜𝑙 )2 ∫ 𝑓(𝑧)2 [𝑞𝑟𝑏 (1 + 𝑥 2 (𝑣 2 − 1))] 𝑑𝑥
𝑉𝑒𝑙𝑙

(6.3)

0

and, 𝑓(𝑧) = 3𝑉𝑒𝑙𝑙

(𝑠𝑖𝑛𝑧−𝑧𝑐𝑜𝑠𝑧)

4𝜋

𝑧3

3

, 𝑉𝑒𝑙𝑙 =

𝑟𝑎 𝑟𝑏2 and 𝑣 =

𝑟𝑎
𝑟𝑏

, where Vell = volume of the

oblate 𝑟𝑎 = major radius, 𝑟𝑏 = minor radius, x = orientation of the oblate.
Data at higher concentrations were fitted using the form factor of a fuzzy sphere
which is given by30, 31
2

(𝜎𝑠𝑢𝑟𝑓 𝑞)
3[sin(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)]
𝑃(𝑞) = [
×
𝑒𝑥𝑝
(−
)]
(𝑞𝑅)3
2

2

(6.4)

A fuzzy sphere model considers a sphere with homogeneous scattering length density
(SLD) of a core, convoluted with a Gaussian function to account for the gradual decrease
in the SLD away from the core. It gives the mean radius of the core (R), and the gradual
drop off in SLD is expressed in terms of the interface thickness (𝜎𝑠𝑢𝑟𝑓 ). 𝜎𝑠𝑢𝑟𝑓 which is
the width corresponding to the smeared particle surface, gives the fuzziness of the scatter.
The log-normal distribution function was convoluted with the form factor to express the
polydispersity (PDI) in size. A Lorentzian term that accounts for the fluctuations in
scattering from the particle correlation can also be included. Since the polydots
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concentrations are very small to have interparticle correlations, we ignored the scattering
fluctuation during the data analysis.
The data were analyzed using the software developed at NIST32 and the SASfit33
version 0.93.5 developed by Joachim Kohlbrecher and Ingo Bressler at the Paul Scherrer
Institute. The SLD of the Ethx-PPE = 4.62 × 10-7Å-2, d-THF = 6.35 × 10-6Å-2 and D2O =
6.33 × 10-6Å-2 were used as initial parameters to analyze the data with a real form factor.
Results and Discussion
Surface assembly: Representative AFM images of the polymer in THF and
polydots in water of different concentrations are shown in Figure 6.3. Images from the
polymer in THF showed a stretched out structure of the polymer as presented in Figure
6.3(a), whereas polydots of 100 ppm in Figure 6.3(b) showed a nearly spherical structure.
These figures illustrate that the stretched out conformation of the polymer in THF was
confined to spherical geometry in water. We found that the polydots form a different
shape and size based on the concentration of the parent solution, which is presented in the
supporting information in Figure 6.12. At low concentrations (i.e. 10 ppm), the surface
profile analysis showed the formation of spherical polydots along with some elongated
aggregates. Those elongated structures could be formed from the association of the
spherical polydots on film casting or during the collapsing process. At 100 ppm, we
observed spherical polydots of average size of 29 ± 3.0 nm. At higher concentrations, we
did not observe any elongated structure as in low concentrations indicating the transition
from an oblate to a spherical symmetry.
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Poly-dots 100 ppm

Polymer-0.01wt%

(b)

(a)

Figure 6.3 AFM images of the drop cast film of Ethx-PPE on a mica surface (a) 0.01wt%
polymer solution in THF (b) 100 ppm polydots in D2O respectively.
Polydots in solution - SANS study: Scattering from the polydots of collapsed
Ethx-PPE at different concentrations at 25 oC is presented in Figure 6.4. The scattering
patterns exhibit an increase in intensity with different line shapes as shown in Figure
6.4(a). Slope analysis of scattering patterns is presented in Figure 6.8(b). There is a linear
increase in the slope indicating the evolution of the polydots shape as a function of
concentration. The slope at a concentration < 50 ppm is close to ~ - 3 therefore, a form
factor of an oblate given by equation 6.3 was used to fit the data.
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Figure 6.4 Ethx-PPE polydots in D2O at 25 0C. (a) SANS patterns at indicated
concentrations. Symbols represent the data. Solid lines represent the fit to the models (b)
Change in slope as a function of concentration. Cartoons in the figure are representation
of the models used.
The slopes at concentrations > 50 ppm are close to ~ - 4 therefore, a form factor
of a sphere could be used. We used the form factor of a fuzzy sphere, given by equation
6.4, to fit the data to capture the scattering from the fuzzy interface as seen in the study of
Ethx-PPE polydots from a molecular dynamics simulation.22
Parameters obtained from the analysis using the oblate form factor at
concentrations below 70 ppm are presented in Figure 6.5. It shows an increase on both
major and minor radii enhancing the sphericity of the particles as concentrations go
higher. The parameters from the fuzzy sphere model at higher concentrations (70 ppm
and 100 ppm) show the bigger size of the particles and the higher value of fuzziness at
100 ppm than in 70 ppm. The mean radius of the particles increases from 216.3 ± 0.3 Å at
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70 ppm to 249.1 ± 0.3 Å at 100 ppm with an increase of fuzziness from 7.0 ± 0.9 Å to
26.9 ± 0.9 Å respectively.
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Figure 6.5 Parameters calculated for Ethx-PPE polymer collapsed in D2O at 25 oC as a
function of concentration from the oblate model
The amount of water trapped inside the polydots was calculated from the
SLD obtained from the analysis, and is presented in Figure 6.6. It reveals that polydots
formed using higher concentrations trap more solvent. This increase in solvent contained
is more than compensated for by either the increase in density of the polymer molecules
or the polydots, as concentration increases.
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Figure 6.6 Solvent fraction trapped inside the polydots of Ethx-PPE in D2O as a function
of concentration at 25 oC. The line is a guide to the eyes.
We studied the effects of temperature on the structure and stability of the polydots
of 10 ppm, 20 ppm, 50 ppm, 70 ppm and 100 ppm. Two representative spectra of 10 ppm
and 100 ppm are shown in Figures 6.7(a) and 6.7(b) respectively. Spectra of other
intermediate concentrations are presented in Figure 6.13 as supporting information. The
intensities of scattering are lower at higher temperatures, at all measured concentrations.
This weak signal at high temperatures is the indication of either the penetration of the
solvent inside, or losing the polymer molecules from the polydots. The transformations
on the shape of polydots as a function of temperature are shown in the Kratky plots as
seen in the insert in Figure 6.7(a-b). A prominent peak at the low q region is present in all
concentrations at room temperature. The intensity of the peak decreases as temperature

142

increases. The change in the peak intensity is high at lower concentrations compared to
the higher concentrations, indicating the evolution of the particles’ shape as a function of
temperature. This shape transformation is further confirmed by slope analysis. It showed
the decrease in slope at higher temperatures. Therefore, the data of lower concentrations
(10 ppm, 20 ppm and 50 ppm) and higher concentrations (70 ppm and 100 ppm) were
fitted using the form factor of the oblate and fuzzy sphere model at all measured
temperatures respectively.
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Figure 6.7 Representative SANS profiles of Ethx-PPE polydots in D2O (a) 10 ppm (b)
100 ppm polydots. Symbols represent the data. Solid lines are fit to the models described
in the text. Figures in the insert are the Kratky plots.
The extracted fitting parameters are shown in Figure 6.8. The polydots of the
oblate shape show an increase in both the major and minor radii (R) with an increase in
temperature, as shown in Figure 6.8(a). Similarly, the polydots of the fuzzy sphere also
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show an increase in dimension of the core (R) as well as their fuzzy interface (d), as
displayed in Figure 6.8(b).
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Figure 6.8 Parameters calculated for Ethx-PPE collapsed in D2O as a function of
temperature from (a) Oblate and (b) Fuzzy sphere models fit.
This increase in size at all concentrations as a function of temperature was
reflected from the increase in SLD values due to the penetration of the solvent inside the
particles. When the particles are heated, increase in thermal energy causes the polymer to
open, leading to the solvent penetration that increases the size and decreases the
scattering contrast therefore, the intensities go down. Figure 6.9 displays the increase in
the amount of solvent as a function of temperature at all concentrations. There is a small
increase up to 50 oC. After this temperature, the solvent content increases rapidly. The
polydots of lower concentrations have more solvent in comparison to the higher
concentration. These highly swollen polydots at low concentrations suggest the opening
of the polymer chains.
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Temperature effects are more pronounced on 10 ppm polydots, as compared to
100 ppm polydots. This result suggests that polymer chains are more compact in the
polydots at higher concentrations. SANS patterns of 100 ppm showed the slope of - 3.8
up to 75 oC that change to - 4 at 80 oC. This change in structure towards a perfect sphere
suggests the swelling of the particles due to solvent penetration at this high temperature.
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Figure 6.9 A fraction of solvent trapped inside the polydots of Ethx-PPE in D2O as a
function of temperature at indicated concentrations. Dashed lines are guides to the eyes.
In all measured temperatures, the polydots remain fairly stable up to 80 oC. Only
the polydots formed from a lower concentration of the precursor solution showed major
effects of temperature on stability, which is attributed to the availability of
conformational freedom due to the less number of polymers and backbone rigidity.
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Fluorescence properties: Here we correlate the structure of the diethylhexyl PPE
polydots obtained from SANS with fluorescence behavior. Wu and coworkers17 have
studied the polydots of a variety of conjugated polymers including homopolymer and
copolymers such as polyfluorene derivatives (PFO, PFPV, and PFBT), poly phenylene
vinylene derivatives (MEH-PPV) and dimethyloctyl PPE with a final concentration of
polydots below 25 ppm. The spectra of these polymers polydots were not affected by
concentration. However, a noticeable red shift was observed in comparison to the
molecular solution in THF. They attributed this shift to the compact structure of the
polydots and the formation of interchain correlations. Surprisingly, PPE exhibits complex
emission spectra compared to other conjugated polymer polydots. A close look at the
backbone of PPE reveals that PPE is conjugated only when aromatic rings are in plane.
The versatile conformation of PPE results in a more complex spectra that in turn makes
this polymer a good model system to resolve correlation between structure and
fluorescence.
In this study, we extended the final concentration to 100 ppm and studied the
fluorescence of polydots of Ethx-PPE as a function of temperature. The emission spectra
as a function of polydots concentration are shown in Figure 6.10. We observed the red
shift of the fluorescence peak as it was observed previously.17 We also found that there is
more red shift of the peak as concentration increases. This shift in the spectra is attributed
to the increase of interchain aggregates at higher concentrations. We observed a red
shifted second peak in 70 ppm and 100 ppm. This could be the reason of more
heterogeneity in the size distribution of particles at higher concentrations.
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Figure 6.10 Fluorescence spectra of Ethx-PPE polydots in D2O at 25 oC as a function of
polydots concentration. Polydots were excited at an excitation wavelength of (λex = 380
nm) and emissions were scanned from 400 nm to 650 nm.
We studied the fluorescence characteristics of the polydots as a function of
temperature. The emission spectra of 10 ppm and 100 ppm are shown in Figure 6.11. We
found the decrease in intensities up to 55 oC for both concentrations. When temperature
reaches 70 oC, 10 ppm polydots show an increase in intensity with more peaks at higher
wavelengths as seen in Figure 6.11(a). At 80 oC, the spectra could not be captured
because of the saturation of the detector at the measured instrumental setup. The emission
from 100 ppm shows the similar behavior and is presented in Figure 6.11(b).
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Figure 6.11 Fluorescence spectra of Ethx-PPE polydots in D2O as a function of
temperature (a) 10 ppm (b) 100 ppm. All spectra were measured at the excitation
wavelength of (λex = 380 nm)
We observed a blue shift in emission and disappearance of the second peaks at
higher temperatures (70 oC and 80 oC). These results suggest that an increase in
temperature causes structural modification with a change in the shape and size of the
polydots similar to the temperature dependent emission observed by Padmanaban et.al16
in a segmented conjugated polymer in solution. We observed the more pronounced
temperature effects at lower concentrations than at higher concentrations. These
observations made from the fluorescence measurement supports the finding of our SANS
study.
Absorbance properties: We also measured the absorption spectra of polydots of
10 ppm and 100 ppm as a function of temperature. However, very little changes are
observed. Data are presented in the supporting information in Figure 6.14.
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Summary
AFM, SANS, fluorescence spectroscopy and absorption spectroscopy techniques
were used to study the structure and stability of Ethx-PPE polydots in water. The
extracted data demonstrated that the polymer attains extended state conformation in a
good solvent. When collapsed in water, the polymer forms the polydots with different
shape and size depending on the concentration of the precursor solution used. At
concentrations of 10 ppm, 20 ppm and 50 ppm, oblate polydots are formed. At
concentration higher than 50 ppm, spherical polydots are formed. This structural
evolution as a function of concentration is attributed to the differences in the number of
collapsed polymers per particle. At low concentrations, numbers of polymer molecules
are fewer and that gives more conformational freedom to the polymer chains to acquire
the oblate shape. At high concentrations, molecules have less freedom and that collapses
the polymers tightly, giving them a spherical shape. The size of the polydots increased
largely at low concentrations (10 ppm, 20 ppm and 50 ppm) with increasing temperature,
while the changes at higher concentrations (70 ppm and 100 ppm) are small. These
results suggest that polydots are nearly stable up to the measured temperature of 80oC.
Low concentrations and high temperature are required to open the rigid luminescent
polymer polydots.
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Supporting information
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Figure 6.12 AFM images of the drop cast films of Ethx-PPE on mica surface (a) 10 ppm,
(b) 20 ppm, (c) 50 ppm, and (d) 70 ppm polydots in D2O
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CHAPTER SEVEN
STRUCTURE AND STABILITY OF LUMINESCENT RIGID POLYMERS
POLYDOTS IN ETHYLENE GLYCOL

Abstract
Luminescent rigid polymers, when collapsed into nano-dimension, form soft
nanoparticles (polydots) without losing their electro-optical characteristics. The
brightness together with the bio‐compatibility of these nanoparticles has shown
significant potential in intracellular fluorescence imaging, and building blocks for light
harvesting devices. The conformations of the polymers in the polydots are a key to their
stability and optical properties. The current work investigates the structure and stability
of polydots of diethylhexyl poly para-phenyleneethynylene (Ethx-PPE) rigid polymers in
ethylene glycol. Small angle neutron scattering (SANS) study showed that the PPE forms
fuzzy sphere polydots in ethylene glycol irrespective of the concentrations. The polydots
retain their spherical symmetry up to 80 0C. At higher temperatures, the polydots swell
with increasing temperature that changes the particle geometry to an oblate. The polydots
from high concentration showed instability as compared to low concentration, due to
their larger size and high surface energy.
Introduction
Luminescent polymers are of great scientific interest owing to their inherent
characteristics of semiconducting, emission and absorption of light.1 Their intrinsic
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behaviors can be altered by modifying their chemical structure, and molecular
parameters. The ease of modification on the photophysics of the polymers make them
highly attractive for their uses in light emitting diodes,2 solar cells,3 photo voltaic
devices,4 chemical sensors5 and detectors.6 The applications of these polymers are
increasing in the field of bio-imaging because of their bio-compatibility and less toxicity.
Their uses in this field have been further extended by collapsing them in a poor solvent,
referred to as polydots.7-9 The polydots retain their fluorescence even in their confined
geometry. The confinement in nano dimension is far from their equilibrium extended
state conformations.10 The stability of the polydots in this energetically adverse situation
has not been resolved yet. We have recently made polydots in ethylene glycol, a biocompatible medium with a high boiling temperature. This solvent enabled us to
investigate effects of temperature as the polydots go through the glass transition
temperature, which is often higher than the boiling point of water.
Diethylhexyl poly para-phenyleneethynylene (Ethx-PPE), a rigid luminescence
polymer, as shown in Figure 7.1, has alternate single and triple bonds, along with
aromatic rings in the backbone. The alignment of the aromatic rings in a plane determines
its electro-optical properties. The conformation of the PPE in a good solvent was studied
using small angle neutron scattering (SANS) that showed the change in conformation as a
function of concentration and temperature.10 The most stable state of this polymer is
extended state, which was further supported by a molecular dynamics simulation study.11
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Figure 7.1 Chemical formula of diethylhexyl poly para-phenyleneethynylene (EthxPPE)
Apart from the structures and conformations in a solution, the structure of the
polydots formed by Ethx- PPE has been studied using a molecular dynamics simulation.12
This study has shown that the polydots formed are spherical in shape, with a fuzzy
interface in water. Furthermore, the aromatic rings of the polymer backbone are not
uncorrelated and polydots contain traces of solvent inside. We studied the stability of the
polydots formed in water using SANS where we detected the evolution of the shape and
size of the polydots as a function of temperature and concentration.13 This study showed
that the polydots remain roughly stable up to the measured temperature of 80 oC. In this
study, heating above 80 oC was not possible due to the boiling point constraint of water.
Here, we used deuterated ethylene glycol as a bio-compatible poor solvent that
has a high boiling point (197 oC) to make the polydots of the Ethx-PPE following the
method developed by Szymanski and co-workers.7 Use of ethylene glycol allowed us to
go to a temperature higher than the glass transition temperature of the polymer backbone.
The structure and stability of the polydots in ethylene glycol were studied using SANS,
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where we detected the evolution of the shape and size of the polydots as a function of
concentration and temperature, where the stability of the polydots is controlled by the
effective surface area of the particles.
Experimental
Poly(2,5-di(2’-ethylhexyl)phenylene-1,4-ethynylene) (Ethx-PPE) purchased from
Sigma Aldrich was dissolved in anhydrous THF to make a 1000 ppm stock solution. The
solution was stirred overnight by keeping it in a Fischer Vertex mechanical vibrator. The
stock solution was diluted further to 100 ppm for polydots formation. Deuterated
ethylene glycol (C2D6O2) purchased from Cambridge Isotope was used in the polydots
preparation. The polydots of Ethx-PPE of 10 ppm and 100 ppm concentrations in
ethylene glycol were prepared using the reprecipitation method.7 The 200 μL of each
stock solution was separately inserted into 2 ml of C2D6O2 under rapid sonication for 2
minutes. Traces of the THF trapped inside the polydots were removed by keeping the
polydots dispersions in a vacuum overnight. The structure and stability of the prepared
polydots was measured from SANS experiments.
SANS experiment and data analysis
SANS experiments were performed using the EQ-SANS instrument14 at
Spallation Neutron Source in Oak Ridge National Laboratory. The samples were kept in
2 mm path length titanium cells. A sample to detector distance of 4 m and sample
aperture diameter of 10 mm were used. Neutron wavelengths of 6 Å and 13.25 Å,
covering the q range (q = (4π/λ) sinθ and 2θ is the scattering angle and λ is the neutron

160

wavelength) from 0.0031 Å-1 to 0.111 Å-1 were used. The correction of the measured
intensity for detector sensitivity and the background were done by measuring the
scattering from an empty aluminum holder, empty cell, and the solvent. The data were
placed in an absolute scale using the scattering from standard (Porosil B). The data were
reduced and merged using MantidPlot (http://www.mantidproject.org/). The polydots of
10 ppm and 100 ppm in d-ethylene glycol were measured at 25 oC, 75 oC, 100 oC, 125 oC
and 150 oC.
SANS measure the shape, size, and the correlation between scatters. The intensity
of the measured spectra is the function of the particle volume fraction, contrast factor,
particle form factor, and the inter particles correlation factor. In the regime of ultra-dilute
solution, interparticle correlation can be neglected. Thus, the scattering intensity can be
written as,
𝐼(𝑞) = ∅∆𝜌2 𝑉𝑝2 𝑃(𝑞) + 𝐵𝐾𝐺

(7.1)

where ∅ = particle volume fraction, ∆𝜌 = scattering length density (SLD) contrast of the
scatter and the matrix and 𝑉𝑝 = volume of the scatter. The BKG term accounts for
incoherent scatterings and instrumental noise. 𝑃(𝑞) is the signature of geometrical
structure of the particle embedded in the uniform matrix, called form factor. The scaling
of the intensity with q at intermediate q regime often reflects a particle form factor for a
particular shape.15 Based on the scaling exponent, a specific form factor is decided. The
form factors of a fuzzy sphere16, 17 and oblate18 are used in this study.
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The fuzzy sphere form factor considers a particle of a sphere with a fuzzy
interface with the Gaussian decay of scattering away from the center of the particle and is
given by:16
2

(𝜎𝑠𝑢𝑟𝑓 𝑞)
3[sin(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)]
𝑃(𝑞) = [
× 𝑒𝑥𝑝 (−
)]
3
(𝑞𝑅)
2

2

(7.2)

where R = mean radius of the particles and 𝜎𝑠𝑢𝑟𝑓 = thickness of fuzzy interface. The
scattering fluctuation due to the interparticle correlation was ignored during data fitting
due to very low particle concentration.
The form factor of an oblate 18 is given by;
1

∅
1⁄2
𝑃(𝑞) =
(𝜌𝑒𝑙𝑙 − 𝜌𝑠𝑜𝑙 )2 ∫ 𝑓 2 [𝑞𝑟𝑏 (1 + 𝑥 2 (𝑣 2 − 1))] 𝑑𝑥
𝑉𝑒𝑙𝑙

(7.3)

0

Where ∅ = volume fraction, 𝑉𝑒𝑙𝑙 = volume of the oblate which is given by 𝑉𝑒𝑙𝑙 =

4𝜋
3

𝑟𝑎 𝑟𝑏2,

(𝜌𝑒𝑙𝑙 − 𝜌𝑠𝑜𝑙 ) is the SLD contrast between the scattering object and the solvent. f is the
form factor of a sphere and is given by, 𝑓(𝑧) = 3𝑉𝑒𝑙𝑙

(sin(𝑧)−𝑧𝑐𝑜𝑠(𝑧))

𝑟𝑎

𝑧3

𝑟𝑏

, and 𝑣 =

.

The SLD of the Ethx-PPE = 4.62 × 10-7Å-2, d-THF = 6.35 × 10-6Å-2 and C2D6O2
= 7 × 10-6Å-2 were taken as starting parameters during the fitting procedure. The data
were analyzed using the SASfit19 version 0.93.5 developed by Joachim Kohlbrecher and
Ingo Bressler at the Paul Scherrer Institute and the reduction and analysis software
available at NIST.20
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Results and discussion
Stability of the polydots of Ethx-PPE in ethylene glycol as a function of
temperature was investigated using SANS. The effect of concentrations on the shape of
the polydots in ethylene glycol is presented in Figure 7.2.
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Figure 7.2 SANS profile of Ethx-PPE collapsed in deuterated ethylene glycol at two
given concentrations at 25 oC. Symbols correspond to the data. Insert in the figure is the
Kratky plots.
SANS patterns of 10 ppm and 100 ppm solutions have the slope of ~ - 4 at
intermediate Q regime but the intensity is higher at 100 ppm than 10 ppm. These results
suggest that polydots in ethylene glycol have the same shape irrespective of the
concentrations, but have a higher number of polymer molecules inside the polydots as
concentration increases. This result is further supported from the intense peak seen in
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Kratky plot at low Q regime as presented in the insert in Figure 7.2 indicating the
formation of structured structure of the polymer.
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Scattering patterns of 10 ppm and 100 ppm in ethylene glycol at 25 oC, 75 oC, 100
o

C, 125 oC and 150 oC are presented in Figure 7.3. Figure 7.3(a) shows the scattering

from 10 ppm and 7.3(b) is from 100 ppm. In both concentrations, the scattering
intensities are decreasing upon increasing the temperature. Slope analysis of the
scattering patterns of both solutions was performed to find the shape transformation as a
function of temperature. Figure 7.4 shows the transition on the shape of the polydots as a
function of temperature.
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Figure 7.4 Change in slope of the scattering data of Ethx-PPE polydots in deuterated
ethylene glycol as a function of temperature at two specified concentrations.

The slope of the spectra of 10 ppm and 100 ppm concentrations at lower
temperatures (25 oC and 75 oC) is ~ - 4. Therefore, data at those temperatures were fitted
using form factor of a fuzzy sphere16, 17 with the log normal distribution of the radii of the
particle as given by Equation 7.2. The fuzzy sphere form factor has successfully been
used to study the structure of Ethx-PPE polydots in water.13 This form factor is consistent
with the structure of the Ethx-PPE polydots observed by the molecular dynamics
simulation study12 where the particle with a fuzzy interface has been reported. At higher
temperatures (100 oC, 125 oC and 150 oC), the slopes are gradually decreasing and reach
close to - 2 as seen in Figure 7.4. The data at those temperatures were fitted using the
form factors of an oblate given in equation 7.3.
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The initial scaling analysis of the scattering patterns shows that as a function of
temperature, the polydots at both concentrations diverge from spherical symmetry at
higher temperatures. Deviation from the sphericity suggests the change in internal
conformations of the polymer inside the polydots. Further insight about the stability and
conformation was obtained from the parameters extracted from the fit using the
respective form factors.
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Figure 7.5 Parameters obtained from fitting Ethx-PPE polydots of 10 and 100 ppm in
deuterated ethylene glycol as a function of temperature. Solid lines are a guide to eyes (a)
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Parameters extracted from the fit are presented in Figure 7.5. Figure 7.5(a) shows
the parameters obtained from the fuzzy sphere model. Polydots of 10 ppm show an
increase in interface thickness and decrease in radius of the core up to 75 oC. This change
in dimensions is attributed to the loosening of some polymer molecules from the core of
the polydots that increases the fuzziness. However, the polydots of 100 ppm show an
increase in interface thickness and core radius. This increase in both dimensions
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illustrates that at this concentration, the polydots swell due to the solvent penetration into
the core and in the interface, because of the reduced stability associated with larger
particles compared to 10 ppm polydots. The effect of temperature on the stability is
further displayed in Figure 7.5(b) where the parameters obtained from the oblate model
are shown. At temperatures above 100 oC, the polydots at both concentrations change the
symmetry from spherical to oblate.
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Figure 7.6 Fraction of solvent calculated from the SLD extracted from the model fit
described in the text as a function of temperature at indicated concentrations.
At this high temperature, the polymer chain starts to open up and that leads to the
penetration of solvent inside the particles giving oblate symmetry. The polydots of 10
ppm show increase in size up to 150 oC. The polydots at this concentration keep on
swelling due to more solvent penetration into the particles. On the other hand, both the
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dimensions of the major, and the minor axis of the polydots of 100 ppm concentration is
decreasing and solvent penetration is increasing at higher temperatures.
The increase on solvent penetration as a function of temperature is presented in
Figure 7.6. The increase in solvent penetration is higher in 100 ppm than 10 ppm even
though both polydots contain almost the same amount of solvent at room temperature.
This noticeable stability of polydots of 10 ppm concentration compared to 100 ppm
polydots, might be due to high surface energy associated with polydots of 100 ppm
concentration. When the particles are in a hydrophobic medium, the stability of the
particles depends on the effective surface area of the particles21. Since the polydots of
100 ppm are bigger in size, which creates larger surface area that keeps the particle in a
thermodynamically unstable state. The supply of thermal energy further increases the
instability that causes the polydots to loosen the polymer and unwind, and thereby
decreases the size. Structure and stability of the polydots observed in Ethylene glycol are
different than the polydots in water.13 Those differences can be attributed to the intrinsic
properties of the solvents and requires further investigation.
Summary
Structure and stability of the ethyl hexyl PPE polydots in ethylene glycol have been
studied using SANS. The SANS results showed that the polydots are spherical and
remain stable up to 80 oC. At temperatures higher than 80 oC, the polydots start to swell
significantly and that changes the shape of the particles. The polydots at higher
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concentrations are larger in size and open more than at lower concentrations due to the
high surface area associated with the larger particles.
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CHAPTER EIGHT
SUMMARY
The goal of this research was to study the structure and dynamics of two types of rigid
polymers. The first family was sulfonated polyphenylene (SPP), a rigid ionomer, in
which we probed the dynamics in the complex network formed by this polymer. The
second family was dialkyl poly para-phenyleneethynylenes (PPE), a rigid polymer in
which we have investigated its dynamics in spontaneously formed complex fluids and the
structure formed from the polymer when collapsed in poor solvents. The research
findings are summarized below.
1. Dynamics in the rigid ionic network of SPP ionomer membrane
We studied the dynamics in the rigid ionic network of SPP using quasi-elastic
neutron scatting. We found that the polymer in this ionic network is static on the
time and length scale of our measurement. Water absorbed in the network is
highly mobile. The water resides in two different environments showing fast and
slow dynamics. Both types of water dynamics are enhanced upon increasing the
temperature and the water content. Water molecules are found dynamic well
below the freezing point of the water in the SPP ionomer membrane.
2. Dynamics of side chain in spontaneously formed complex fluids of a rigid
luminescent polymer
The side chain dynamic in complex fluids of the dinonyl PPE was investigated
using quasielastic neutron scattering as a function of temperature. Surprisingly,
even at gel phase we detected the dynamics of the side chain where the average
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relaxation time scales with ~ Q-1. When the temperature is increased to the
temperature of micellar phase, a collective dynamics of the side chain was
observed with a ~ Q-2 dependence of average relaxation time. In a molecular
solution, internal motion of the polymer side chain was detected where the
average relaxation time scales with ~ Q-3.
3. Structure and stability of ionizable rigid luminescent PPE collapsed into
polydots
We investigated the structure and stability of polydots of di-alkoxy PPE with a
carboxylate side chain. Our small angle neutron scattering studies have shown
that ionizable PPE forms polydots of an oblate shape at lower concentrations and
of a spherical shape at high concentrations. The particles have a hydrophobic part
in the center and a hydrophilic part on the surface. The presence of the
hydrophilic part on the surface enhances the stability of the particles towards the
thermal fluctuations. We found that the polydots remain stable up to the measured
temperature of 80oC. Because of this temperature stability, polydots formed from
ionizable PPE is promising for high temperature molecule detection.
4. Structure and stability of rigid luminescent PPE polydots in water
We studied the conformations of the rigid diethylhexyl PPE collapsed in water at
different concentrations and followed its stability as a function of temperature.
We found that the shape of polydots depends on the concentration of the
precursor solution. The particles are of oblate symmetry at low concentrations and
of spherical symmetry with fuzzy interface at higher concentrations. This
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divergence from the sphericity at low concentration is attributed to the rigidity of
the polymer backbone. On increasing the temperature from 25oC to 80oC,
evolution in the structure of the polydots occurs. The size and shape of the
polydots increased largely at low concentrations with increasing temperature
while the changes at higher concentrations are small. This higher stability of the
polydots as a function of temperature at higher concentrations is attributed to the
highly compact internal structure of the polydots with less availability of
conformational freedom to the polymers.
5. Effect of solvent on the structure and stability of luminescent rigid PPE
polydots
We studied the structure of the polydots of diethylhexyl PPE prepared in ethylene
glycol as a function of concentrations using small angle neutron scattering. The
use of ethylene glycol allowed going to a higher temperature. We found the
formation of polydots of a spherical shape with a fuzzy interface, irrespective of
the concentrations. The effect of temperature on the shape and size of the polydots
showed that polydots retain their spherical symmetry up to 80oC. At higher
temperatures, the polydots start to unwind and the symmetry changes to oblate.
The polydots of low concentration have higher stability, which is attributed to the
smaller size and low effective surface area.
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APPENDIX
Permission of the Copyright of Figure 6-2

175

